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1.  Executive  Summary 

This  project  was  initiated  to  apply  an  Ion-Beam  Assisted  Deposition  (IBAD)  alumina 
coating  process  to  problems  of  DOD  interest.  The  motivation  for  this  effort  was  the 
potential  of  the  IBAD  alumina  process  as  a  "green  manufacturing"  and  performance 
improvement  alternative  to  existing  coating  processes.  The  IBAD  process  under  in¬ 
vestigation  in  this  project  had  been  developed  by  Armstrong  World  Industries  for 
application  as  a  wear  abatement  coating  process  for  flooring  material.  The  limiting 
factor  for  the  commerical  scale  up  of  this  process  was  the  availability  of  a  suitably 
high  power  oxygen  ion  source.  SAIC's  advanced  cathode  technology  held  the  promise 
for  removing  this  roadblock  to  the  scale-up  of  the  process  technology.  Furthermore, 
SAIC's  surface  modification  and  adhesion  promotion  work  offered  the  potential  to 
extend  the  IBAD  alumina  coating  process  across  a  wider  range  of  substrate  materi¬ 
als —  including  most  of  the  substrates  of  interest  to  the  DOD.  The  IBAD  alumina 
coatings  were  a  strong  performer  in  Armstrong's  flooring  application,  and  this  project 
aimed  to  demonstrate  its  wider  promise  as  an  alternative  to  environmentally  challeng¬ 
ing  wet  polymer  coating  processes  used  for  wear  and  abrasion  abatement  in  the  DOD. 

The  SAIC  —  Armstrong  effort  was  augmented  by  the  addition  of  the  Naval  Re¬ 
search  Laboratory  Tribology  Section,  and  the  Massachusetts  Insitute  of  Technology 
Materials  Systems  Laborotory.  SAIC,  the  prime  contractor,  was  responsible  for  project 
management,  substrate  and  application  selection,  advanced  ion  source  development, 
coated  substrate  characterization,  and  substrate  preprocessing  and  siurface  modifica¬ 
tion.  Armstrong  World  Industries  produced  the  coated  coupons  with  their  IBAD  sys¬ 
tem  located  in  Lancaster,  Pennsylvania.  NRL  performed  detailed  tribological 
characterizations  of  the  coating-substrate  coupon  systems.  MIT  performed  cost  and 
life-cycle  analyses  of  the  coating  process  both  in  the  abstract  and  as  applied  to  particu¬ 
lar  application  process  geometries. 

During  the  course  of  this  project,  we  have  demonstrated  the  compatibility  of 
the  IBAD  alumina  process  with  a  wide  array  of  substrates,  including  metals,  compos¬ 
ites,  and  plastics.  Through  manipulation  of  the  process  parameters  and  surface  modi¬ 
fication  of  the  substrate  materials,  alumina  or  aluminum-oxynitride  coatings  have 
been  successfully  applied  to  virtually  any  substrate  that  has  been  attempted.  The  typi¬ 
cal  coating  parameters  are 
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Thickness 

1  -  4  pm  (up  to  8pm  without 
cracking) 

Flex  to  strain 
failure 

-0.5%  (depending  on  substrate) 

Optical 

performance 

transparent  (>95%) 

RF  performance 

transparent  (>95%) 

Micro-hardness 

1-10  GPa  (depending  on  sub¬ 
strate) 

Chemical 

performance 

resists  attack  from  acids 
attacked  by  strong  bases  (pH  >  10) 

IR  performance 

transparent  NIR,  MIR  (>90%) 
absorptive  in  the  FIR  (>8pm) 

Production  costs 

—  $50/ff ,  depending  on 
geometery  and  throughput  volume 

A  particularly  interesting  aspect  of  the  IBAD  alumina  coatings  are  their  high 
degree  of  transparency.  Transparent  erosion-resistant  coatings  have  many  applica¬ 
tions  in  the  DOD,  and  the  largest  use  of  these  coatings  is  on  aircraft  canopies.  A 
"typical"  canopy  has  several  widely  ranging  requirements  including  protection  from 
bird  strike,  rain  erosion  resistance,  sand  abrasion  resistance,  chemical  and  jet  fuel  re¬ 
sistance,  night  vision  instrumentation  compatibility,  RCS  performance,  and  protection 
from  laser  blinding.  Furthermore,  the  tradeoffs  among  these  requirements  will  vary 
significantly  from  aircraft  to  aircraft.  Add  in  new  requirements  for  advanced  trans¬ 
parencies  such  as  ¥-21,  F-18,  Comanche,  and  JAST,  and  current  systems  are  forced  to 
compromise  some  subset  of  performance  parameters. 

During  the  course  of  this  project  we  were  able  to  evaluate  the  application  op¬ 
portunity  for  the  IBAD  alumina  coating  process  for  several  applications.  These  in¬ 
cluded  not  only  canopies,  but  also  plastic  faceshields,  radomes,  leading  edge  systems, 
seeker  heads,  and  aircraft  sensor  systems.  In  most  cases,  the  intended  application  de¬ 
manded  both  impact  and  abrasion  resistance.  Our  investigations  during  this  project 
demonstrated  that  while  the  alumina  resisted  abrasion  under  all  but  the  most  extreme 
conditions,  the  impact  resistance  of  a  simple  alumina /substrate  coating  system  could 
not  meet  the  stated  requirements.  This  is  in  constrast  to  most  of  the  in-place  polymeric 
coating  systems  that  achieve  the  impact  resistance  requirement  while  sacrificing  abra¬ 
sion  resistance. 

One  conclusion  reached  during  the  coiurse  of  this  effort  is  that  achieving  a 
wider  breadth  of  multi-requirement  performance  with  a  single  coating  layer  of  uni¬ 
form  composition  is  not  likely.  In  this  context,  the  compatibility  of  the  IBAD  alumina 
coating  process  with  a  wide  range  of  substrate  materials  opens  another  potential  solu¬ 
tion:  to  break  the  constrained  performance  parameter  "box"  by  dividing  the  multi¬ 
function  responsibilities  of  a  coating  system  structure  across  multiple,  mutually 
compatible  layers,  where  each  layer  addresses  one  or  some  of  the  above  requirements 
and  does  not  compromise  the  performance  of  the  other  layers  in  the  system. 
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The  ion  source  development  did  not  proceed  as  originally  planned.  Our  initial 
plan  called  for  a  primary  and  one  fall  back  approach.  Neither  of  these  approaches 
yielded  the  desired  performance,  but  we  did  gain  significant  insight  into  what  a  suc¬ 
cessful  source  would  require.  We  continued  the  development  effort  on  SAIC  IR&D 
funding  and  have  developed  two  workable  approaches.  One  of  the  approaches  uses  a 
slightly  modified  ion  gim  geometry  and  a  modified  gas  mix  that  allows  the  ion  source 
to  operate  for  a  signficant  process  duration  (-48  hrs).  The  latter  uses  an  extremely 
high  power  hollow  cathode  arc  plasma  source  with  a  TazN  cathode.  This  latter  source 
may  also  access  other  process  opportunities.  Both  of  these  ion  sources  are  sufficient  to 
scale  up  the  process  to  production  level  throughput  (~500A/sec  deposition  rate). 

The  direct  application  of  the  IBAD  alumina  technology  to  DOD  applications 
was  not  achieved  in  this  effort.  A  full  mulitfunction  coating  system  approach  as  dis¬ 
cussed  above  will  require  further  development.  The  oxygen  plasma  source  technolo¬ 
gies  developed  as  a  result  of  this  and  the  supporting  SAIC  IR&D  efforts  have  strong 
promise  as  an  alternative  cleaning  process  for  oxygen  system  tubing  and  other  parts 
cleaning  operations.  We  are  currently  pursuing  the  application  of  this  technology.  Fi¬ 
nally,  the  IBAD  alumina  coating  process  has  been  successfully  demonstrated  to  pro¬ 
vide  a  means  for  a  cost  effective,  long-life  solar  reflector  material  for  solar  power 
systems.  This  application  is  funded  by  the  National  Renewable  Energy  Laboratory, 
and  at  a  minimum  will  serve  to  maintain  the  availability  of  the  technology  for  future 
DOD  needs. 
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2.  Introduction 

2.1  Motivation 

The  purposes  of  this  project  were  both  to  develop  arr  advanced  coating  tech¬ 
nology  using  ion  beam  assisted  deposition  (IBAD)  of  inorganic  coatings  and  also  to 
develop  applications  for  tiais  technology  that  might  reduce  the  generation  of  hazard¬ 
ous  waste.  In  such  an  application,  an  inorganic  coating  like  alumina  (AI2O3)  would 
replace  an  organic  paint  or  coating.  An  inorganic  coating  applied  by  IBAD  evolves  no 
problematic  volatile  organic  compounds  (VOCs)  at  any  stage  of  its  lifecycle.  Further¬ 
more,  the  high  durability  of  inorganic  coatings  translates  to  long  lifespan  and  low 
maintenance.  Thus  the  significant  amount  of  hazardous  waste  generated  during  the 
application,  stripping,  and  replacement  of  organic  coatings  could  be  prevented  by 
substitution  of  IBAD  inorganic  films. 

2.2  Applications  -  Background 

Surface  coating  operations  release  a  significant  fraction  of  stationary  area 
source  volatile  organic  compoimd  (VOC)  emissions.  The  VOCs  of  many  of  these 
sources  cannot  be  reduced  by  add-on  controls  at  a  reasonable  cost  due  to  their  small 
size  and/or  the  difficulty  of  capturing  emissions.  Therefore,  prevention  technologies 
are  the  primary  approach  toward  reduction  of  solvent  emissions  from  DoD  equipment 
and  architectural  coatings.  These  technologies  include  the  replacement  of  VOCs  with 
water  or  nonphotochemically  reactive  solvents,  the  use  of  high  solids  coatings,  or  im¬ 
provement  of  the  efficiency  of  transfer  of  coating  material  to  coated  surface.  However, 
in  current  practice,  reformulation  with  nonphotochemically  reactive  solvents  may  lead 
to  other  environmental  problems,  such  as  increased  toxicity,  greater  stratospheric 
ozone  depletion  potential,  and  worsened  multimedia  effects  [1]. 

Another  key  point  is  that  lifecycle  analysis  must  be  used  to  evaluate  the  net 
environmental  impact  of  any  coating  technology  under  consideration.  The  mainte¬ 
nance  operations  for  a  given  coating,  including  washing  and  the  stripping  process  re¬ 
quired  for  recoating,  will  have  associated  environmental  loads.  For  example, 
polymeric  films  are  candidates  for  certain  DoD  applications  requiring  a  protective 
transparent  coating,  as  they  can  be  applied  with  low  VOC  emissions.  However,  the 
lifetime  of  a  polymeric  coating  is  shortened  by  sunlight  ultraviolet  (UV)  exposure  that 
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is  unavoidable  in  many  DoD  uses.  The  lifecycle  total  VOC  burden  of  polymeric  film 
use  is  raised  when  the  VOC  emission  per  treatment  is  multiplied  by  the  number  of 
treatments  required  over  the  equipment  lifetime.  UV  inhibitors  can  be  added  to  these 
coatings  to  increase  lifetime  in  sunlight,  but  this  will  necessarily  affect  some  material 
properties.  Because  many  coating  applications  are  multifunctional,  i.e.  have  other 
roles  besides  protection,  this  use  of  inhibitors  can  interfere  with  other  functions  of  the 
coating. 

2.3  Applications  -  Findings 

The  alumina  layer  put  down  by  the  IBAD  process  is  transparent  and  harder 
than  any  organic  coating.  It  was  foimd  to  improve  dramatically  the  resistance  of  a  soft 
plastic  like  polycarbonate  to  surface  marring  and  scratching.  However,  testing  also 
showed  that  particle  impact,  such  as  is  present  imder  rain  erosion,  leads  to  fracture  in 
the  coating.  Resistance  to  rain  erosion  requires  an  energy-dissipating  interlayer.  We 
concluded  that  a  simple  coating  system  consisting  of  a  hard  coating  on  a  soft  substrate 
is  not  effective  agamst  rain  erosion. 

Consideration  of  military  equipment  such  as  canopies  and  radomes  for  IBAD 
coating  applications  has  shown  that  even  seemingly  simple  systems  like  these  have 
multifunctional  requirements  that  must  be  maintained.  For  example,  the  design  re¬ 
quirements  of  a  coating  system  for  a  canopy  must  extend  beyond  abrasion  and  rain 
erosion  to  include  radar  cross  section,  eye  protection  for  the  pilot  against  lasers,  static 
electricity  bleed  off,  and  bird  strike.  In  addition,  all  of  these  requirements  must  be  at¬ 
tained  with  consideration  of  environmental  impact.  Thus  application  of  an  IBAD 
coating  in  this  case  must  be  integrable  and  non-interfering  with  all  of  these  canopy 
design  functions. 

A  multilayer  coating  system  is  necessary  in  order  to  be  simultaneously  abra¬ 
sion  and  impact  resistant.  The  components  of  this  system  may  be  a  alumina  coating 
outermost  for  abrasion  resistance,  followed  by  an  interlayer  with  high  hardness  ini¬ 
tially  to  support  the  alumina  coating  against  impact  induced  fracture.  The  hardness  of 
the  interlayer  would  need  to  be  graded  from  hard  to  elastic  with  increasing  depth  in 
order  to  dissipate  energy  from  particle  impact. 

Initial  tests  on  the  weathering  of  IBAD  alumina  coatings  on  polycarbonate  have 
been  performed  at  Texstar  Inc.,  the  manufacturer  of  the  F-16  canopy.  The  results  show 
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that  an  alumina  coating  may  be  an  effective  outer  component  for  a  multilayer  coating 
stack  on  a  canopy.  The  essential  integrability  of  IBAD  alumina  coating  technology 
into  a  multilayer  coating  stack  was  successfully  demonstrated  for  solar  reflector  appli¬ 
cations  in  related  work  for  the  National  Renewable  Energy  Laboratory  (NREL).  As  the 
lead  government  agency  for  solar  energy  generation,  NREL  tasked  SAIC  to  develop 
an  advanced  solar  reflective  material  (ASRM)  utilizing  the  alumina  coating  technol¬ 
ogy.  The  multilayer  coating  stack  developed  consisted  of  (working  out  from  the  sub¬ 
strate)  copper/silver/alumina  on  PET  sheet,  in  which  the  outer  alumina  coating 
functioned  as  a  barrier  against  atmospheric  corrosion  of  the  reflective  silver  layer.  In 
accelerated  testing  the  new  ASRM  has  far  exceeded  NREL  standards  for  durability 
and  reflectivity.  There  is  every  indication  that  this  application  of  the  alumina  coating 
technology  will  be  a  technical  and  commercial  success. 

2.4  IBAD  Technology  -  Background 

Prior  to  this  project,  the  primary  constraints  limiting  more  widespread  applica¬ 
tion  of  IBAD  alumina  coatings  were  cost  issues  related  directly  to  the  deposition  rates 
available  from  IBAD  source  technology  and  the  integrability  of  the  alumina  coating 
with  various  substrates.  Therefore  the  IBAD  source  work  in  this  project  focused  on  1) 
IBAD  source  technology  enhancement,  2)  characterization  and  testing  of  IBAD 
layer/substrate  combinations,  3)  examination  of  the  chemistry  and  effects  of  various 
substrate  surface  preparations  and  modifications,  and  4)  analysis  of  the  impact  of 
source  cost  and  throughput  on  the  economics  of  a  given  application. 

The  IBAD  process  comprises  an  evaporative  source  of  the  material  to  be  de¬ 
posited  and  an  ion  beam  source  to  impart  energy  to  the  depositing  molecules  as  they 
arrange  themselves  on  the  substrate.  Given  that  a  certain  level  of  ion  energy  per  de¬ 
posited  evaporant  molecule  must  be  provided  to  achieve  the  desired  film  characteris¬ 
tics,  a  balance  is  required  between  the  evaporation  rate  and  the  ion  power  delivered  to 
the  surface.  In  present  IBAD  technology,  the  deposition  rate  (and  therefore  the  sub¬ 
strate  coverage  throughput  rate)  is  limited  by  the  output  capacity  of  the  ion  source. 
Ion  source  technology  in  use  at  present  limits  rates  for  IBAD  coating  with  alumina  to 
~  6  nm/s. 


Science  Applications 
International  Corporation 


Final  Report 
Contract  No.  MDA972^93-C-0022 


2.5  Ion  Source  -  Findings 

The  intent  of  this  portion  of  the  effort  was  to  build  a  high-flux  ion  gun  for 
IBAD.  Our  original  design  concepts  used  field  emission  cathodes  fabricated  from  Si- 
TaSi2  material.  The  course  of  the  development  of  the  advanced  ion  source  led  through 
three  approaches,  the  first  two  of  which  were  unsuccessful  and  the  third  of  which 
worked  beyond  all  expectations: 

1.  A  retrofit  of  the  same  make  and  type  of  ion  source  as  was  already  in  use  in  the 
process  chamber  at  Armstrong  (Denton,  CC-102),  using  the  Si-TaSiz  FEAs  as  the 
electron  source. 

2.  A  planar-cylindrical  discharge  PIG-type  ion  source  using  the  Si-TaSi2  FEAs  as  the 
electron  source. 

3.  A  hollow-cathode  arc-source  developed  in  collaboration  with  Commonwealth  Sci¬ 
entific  Corporation  with  SAIC  IR&D  funding,  the  design  of  which  grew  out  of  the 
PEFE  discharge  results  but  employed  a  true  hollow  cathode  discharge  geometry. 

The  results  of  these  approaches  can  be  summarized  as  follows: 

1.  The  FEA  approach  in  the  Denton  source  did  not  work  because  a  suitable  pressure 
range  could  not  be  generated  for  the  operation  of  the  FEA  cathodes  in  either  their 
high  pressure  PEFE  mode  or  their  low  pressure  vacuum  mode.  The  operating 
pressure  of  the  Denton  source  must  be  in  the  range  10'^  — 10^  Torr  in  order  to  bal¬ 
ance  the  efficient  generation  of  ions  and  their  efficent  escape  into  the  ion  beam  ex¬ 
traction  region.  The  high  pressure  PEFE  (Plasma  Enhanced  Field  Emission)  mode 
of  the  FEAs  has  not  been  observed  below  a  pressure  of  0.5  Torr.  The  vacuum  mode 
is  not  effective  until  the  ambient  pressure  around  the  FEA  is  significantly  below  10' 
5  Torr.  Our  attempts  to  modify  the  pressiore  distribution  within  the  Denton  source 
and  thereby  access  either  one  of  the  FEA  operating  regimes  were  unsuccessful. 

2.  The  planar-cylindrical  discharge  PIG  type  source  could  provide  momentary  large 
pulses  of  oxygen  plasma,  but  stabilizing  these  discharges  and  obtaining  long  pulse 
or  constant  operation  proved  infeasible  in  this  effort.  Our  opinion  is  that  the  igni¬ 
tion  of  the  PEFE  discharge  resulted  in  a  significant  pressure  variation  in  the  dis- 


7 


Science  Applications 
International  Corporation 


Final  Report 
Contract  No.  MDA972-93-C-0022 


charge  volume,  extinguishing  the  discharge  and  allowing  only  the  initial  pulse  of 
plasma  to  seed  the  ion  extraction  region.  We  were  successful  in  achieving  a  1  Torr 
pressure  in  the  discharge  volume  with  a  10^  Torr  pressure  in  the  extraction  region, 
and  we  observed  5-10  A  pulses  of  plasma  current  in  the  extraction  volume  from  a 
3  mm  diameter  Si-TaSi2  cathode  in  the  discharge  volume.  While  we  believe  that  it 
is  possible  to  build  an  ion  source  in  this  configuration  with  a  more  robust  design, 
we  felt  that  a  hollow  discharge  geometry  would  be  less  sensitive  to  the  pressure 
variation  from  the  ingnition  of  the  device. 

3.  The  hollow  cathode  arc  source  design  was  an  outgrowth  of  our  more  mature  un¬ 
derstanding  of  the  dynamics  of  the  plasma  ignition  process.  The  discharge  avail¬ 
able  with  this  source  exceeds  50  A  and  can  virtually  fill  a  20,000  lit.  test  chamber 
with  plasma  in  seconds.  The  power  available  with  this  type  of  source  exceeds  all 
the  requirements  for  any  potential  scale-up  concepts  for  the  IBAD  process.  The 
design  is  relatively  simple  and  requires  a  low  cost  power  supply  for  operation. 
This  source  was  developed  in  concert  with  Commonwealth  Scientific  Corporation 
of  Alexandria  VA  using  the  internal  resources  of  SAJC  and  CSC  (this  effort  was 
initiated  after  the  funding  set  aside  for  ion  source  development  in  the  ARPA  effort 
was  expended  on  the  first  two  approaches).  Following  some  engineering  modifi¬ 
cations  this  source  should  be  available  commercially  through  CSC. 

The  motivation  for  this  advanced  ion  source  development  effort  was  that  exist¬ 
ing  state  of  the  art  oxygen  ion  sources,  with  several  sources  ganged  together  in  the 
most  advantageous  possible  layout,  could  not  support  an  IBAD  process  deposition 
rate  greater  than  15nm/s.  Hot  cathode  based  ion  sources  could  support  an  IBAD 
deposition  rate  of  up  to  60  nm/s,  but  not  with  oxygen  as  the  process  gas.  Independent  of 
the  ion  source  development,  a  major  achievement  of  this  project  was  the  discovery  of 
a  process  gas  for  the  IBAD  alumina  process  that  will  allow  the  use  of  a  hot  cathode 
source  for  deposition  rates  up  to  60  nm/ s  and  process  times  of  12-24  hours. 

Another  development  during  the  course  of  this  project  was  the  lowering  of  tire 
ceiling  on  the  maximum  IBAD  deposition  rate  for  heat  sensitive  substrates.  Earlier  es¬ 
timates  of  the  maximum  IBAD  rate  for  thermal  sensitive  substrates  had  been  as  high 
as  300  nm/s.  Subsequent  calculations  and  measurements  during  this  project  have  in¬ 
dicated  that  a  more  conservative  value  of  60  nm/ s  as  a  maximum  IBAD  deposition 
rate  is  appropriate  for  a  substrate  liuke  a  thn  (few  mils)  PET  plastic  web  moving  on  a 
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cooled  drum.  A  thicker  plastic  substrate,  such  as  the  polycarbonate  material  of  a  can¬ 
opy,  is  harder  to  cool  from  the  back  surface  and  requires  an  even  lower  rate  limit. 

The  development  of  advanced  O2  ion  source  capabilities  diuring  this  program 
has  importance  independent  of  its  applicability  to  IBAD.  Oxygen  ion  cleaning  is 
viewed  as  a  strong  candidate  to  displace  the  use  of  ozone-depleting  CFCs  in  a  number 
of  DoD  applications,  among  them  the  cleaning  of  air  supply  lines  in  cockpit  support 
systems.  SAIC  is  a  major  supplier  of  Pollution  Prevention  planning,  implementation, 
and  technologies  to  the  DoD  and  is  well  positioned  to  bring  about  timely  application 
of  ion  source  technology  to  this  environmental  problem. 

2.6  Aiumina/Substrate  Interface  Characterization  and  Modification  - 
Findings 

At  a  minimum,  an  alumina  coating  can  not  be  effective  unless  it  adheres  to  the 
substrate.  The  role  for  interface  characterization  and  modification  activities  in  this 
project  was  to  assure  adhesion.  We  found  that  alumina  coatings  deposited  by  the 
IBAD  process  adhere  to  most  substrates,  with  some  notable  exceptions.  This  general 
success  is  attributable  to  the  energetic  nature  of  the  IBAD  process.  Table  1  lists  sub¬ 
strate  materials  for  which  adhesion  to  the  alumina  coating  is  sound. 


Metallic: 

Inorganic: 

stainless  steel 

silicon 

chrome  plated  steel 

quartz 

SAE  1010  low  carbon  steel 

ceramic  tile 

nickel 

glass 

aluminum,  grades  7075T6  and  2024T3 

marble 

Plastic  and  composites: 

polycarbonate:  ‘Lexan’,  ‘Tuffak’,  ‘Hyzod’ 

polyethylene  terephthalate:  PET 

polymethyl  methacrylate:  ‘Plexiglas’ 

polyethersulfone:  PES 

polyimide:  ‘Kapton’ 

polyetheretherketone:  PEEK 

polyvinyl  chloride:  PVC 

polyester 

polyurethane 

fiberglass 

Table  1.  List  of  Substrate  Materials  Demonstrated  to  Adhere  Alumina  IBAD  Coating. 
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As  the  list  of  substrates  upon  which  adequate  adhesion  can  be  achieved  is  ex¬ 
panded,  a  wider  area  of  problems  can  be  cor\sidered  for  treatment  by  adding  a  pro¬ 
tective  alumina  IBAD  film.  This  general  approach  of  expanding  the  substrate 
parameter  space  has  implications  beyond  that  of  adding  to  the  list  of  problem  compo¬ 
nent  surfaces  which  can  be  treated.  It  also  means  that  multilayer,  multifunctional  ap¬ 
proaches  can  be  considered  when  designing  a  surface  that  must  fxilfill  multiple 
requirements.  An  example  would  be  advanced  specialty  canopy  designs.  In  addition, 
the  selection  of  materials  and  processes  to  meet  environmental  goals  will  be  signifi¬ 
cantly  expanded. 

The  example  of  an  advanced  specialty  canopy  design  presents  a  representative 
spectrum  of  the  multifunction  characteristics  that  must  be  satisfied  by  an  integrated 
coating-substructure  system.  The  requirements  include  specifications  for  transparency 
in  the  visible  spectrum,  surface  impredance  at  radar  frequencies,  sand  abrasion  resis¬ 
tance,  rain  erosion  resistance,  bird  strike  survival,  laser  blinding  countermeasures, 
temperature  variation  tolerance,  and  possibly  transmission  characteristics  in  the  IR  an 
UV  —  just  to  list  the  most  immediate.  The  layered  coating/ functionality  approach 
spreads  these  requirements  across  many  layers  in  the  system.  The  outermost  layer 
must  meet  the  greatest  range  of  functionalities;  for  instance  providing  the  requisite 
sand  abrasion  resistance  while  transmitting  all  the  remaining  functionalities  to  the 
layers  below  without  failing.  The  greater  the  diversity  of  substrates  the  outermost 
layer  is  compatible  with,  the  larger  the  available  parameter  space  there  exists  to  find  a 
solution.  Our  investigation  of  the  applicability  of  this  approach  to  the  problem  of  spe¬ 
cialty  canopies  for  the  F-16  has  been  met  with  interest  from  the  Air  Force,  but  there 
exist  no  immediate  plans  to  carry  this  forward. 

2.7  Economic  Impact  Analysis  -  Findings 

As  described  above,  the  enhanced  ion  source  technology  explored  under  this 
program  can  produce  the  higher  ion  fluxes  needed  to  achieve  higher  ion  beam  as¬ 
sisted  deposition  rates.  Higher  IBAD  rates  in  turn  allow  higher  throughput  rates  for 
coated  material.  The  effect  of  higher  throughput  rates  on  the  cost  per  unit  product  will 
vary  with  the  particular  application  because  of  differences  in  production  modes.  The 
production  modes  for  coating  a  web-type  product  or  for  coating  an  individual  item 
like  a  canopy  exemplify  the  difference  between  continuous  roll  processing  and  batch 
processing. 
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In  a  batch  process,  speeding  up  the  deposition  rate  will  not  strongly  affect  the 
cost  per  unit  output  if  the  load/unload  times  are  significant,  i.e.  that  a  relatively  low 
total  throughput  of  product  area  is  involved.  Another  constraint  in  the  particular 
batch  process  example  of  canopy  coating  is  that  the  coating  rate  cannot  be  raised  as 
high  as  the  ion  source  technology  would  allow  because  of  the  substrate  heat  sensitiv¬ 
ity  and  the  fact  that  a  batch  item  cannot  be  cooled  with  the  techniques  of  web  proc¬ 
esses.  However,  a  more  efficient  ion  source  of  smaller  size  cotild  reduce  the  capital 
costs  of  a  coating  system. 

The  economics  of  IBAD  alumina  coating  on  a  continuous  web  process  have 
been  more  fully  explored  for  the  treatment  of  rolls  of  the  advanced  solar  reflective 
material  (ASRM)  under  development  by  the  National  Renewable  Energy  Laboratory 
(NREL).  This  system  is  another  example  of  a  multilayer  application.  In  this  case,  the 
enhanced  process  throughput  available  with  advanced  ion  sources  was  shown  to  be 
essential  in  lowering  the  ASRM  cost  per  area  coated  to  economically  attractive  levels. 

2.8  Report  Organization 

The  full  reporting  of  the  program  tasks  is  contained  in  the  next  section  and  is 
organized  as  follows.  Following  a  short  accounting  of  the  program  management  and 
inter-task  coordination,  the  surface  preparation  and  characterization  work  applied  to 
various  DoD  and  non-DoD  applications  of  IBAD  alumina  coatings  is  presented.  Next 
is  a  subsection  on  the  advanced  ion  source  development  design,  modeling,  and  ex¬ 
periment  task.  The  final  part  of  the  task  report  section  contains  the  economic  impact 
analysis  of  IBAD  process  systems.  The  report  ends  with  a  summary  of  conclusions 
and  recommendations. 
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3.  Tasks 

3.1  Program  Management  and  Inter-fask  Coordination 

This  project  required  the  coordination  of  three  technical  efforts  and  almost 
continuous  interaction  with  potential  users  of  the  technology  in  the  DOD.  The  three 
technical  task  efforts  were: 

•  Surface  preparation  and  characterization  -  which  involved  the  preparation, 
processing,  and  characterization  of  IBAD  alumina  coated  coupons  of  a  va¬ 
riety  of  substrate  materials. 

•  Advanced  ion  source  development  -  which  involved  the  development  of  an  ad¬ 
vanced  ion  source  suitable  for  the  high-throughput  scale-up  of  the  IBAD 
process. 

•  Impact  analysis  -  which  involved  the  technical  cost  modelling  of  the  IBAD 
process  as  is  might  be  applied  to  specific  systems  of  interest,  and  estimates 
of  the  life-cycle  impact  of  the  IBAD  alumina  process  on  these  same  systems 
and  their  surrounding  environment. 

These  three  technical  efforts  are  described  in  detail  later  in  this  section. 

Thoughout  the  project  there  was  a  high  degree  of  coordination  between  the 
three  technical  tasks  supported  by  input  from  the  management  task  regarding  specific 
requirements  of  potential  users.  Details  of  the  process  configuration  and  parameters 
had  a  strong  effect  on  the  cost  structure  of  applying  the  IBAD  alumina  process  to  a 
given  material  or  component.  This  encouraged  close  coordination  between  the  surface 
preparation  and  characterization  task  and  the  impact  analysis  task.  The  potential  ca¬ 
pabilities  of  the  ion  source  technology  likewise  affected  both  of  these  tasks  in  terms  of 
viable  system  configuratiorrs  and  potential  throughput  rates.  All  of  these  inter-task 
communications,  particularly  those  between  different  institutions  that  were  part  of 
our  team,  were  carefully  placed  through  the  management  task.  This  effectivly  ensured 
that  everybody  was  working  from  the  same  set  of  assumptions  concurrently. 

In  addition  to  coordinating  the  technical  tasks,  a  major  challenge  faced  by  the 
project  was  the  exchange  of  information  and  needs  with  potential  users  in  the  DOD. 
Potential  government  users  outside  the  DOD  and  even  potential  commercial  users  of 
the  technology  were  also  considered,  in  that  they  might  provide  a  supporting  path  for 
the  maturation  of  the  technology. 
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The  list  of  potential  users  of  the  technology  that  were  given  presentations  or 
with  whom  we  discussed  the  technology  during  the  course  of  this  effort  is  extensive. 
That  list  includes  major  offices  from  all  three  services,  the  Department  of  Energy,  die 
Department  of  Transportation,  and  commercial  industries  in  business  areas  of  metals 
manufacturing,  touch  panel  displays,  electronics  manufacturing  and  packaging,  food 
packaging,  and  building  products.  The  service  interests  included  from  the  Air  Force: 
the  F-16  canopy,  the  F-16  radome,  and  F-16  specialty  canopies  (Texstar,  Inc.),  LO  ro- 
torblade  treatments,  and  various  seeker  heads  for  missiles.  The  service  interests  in  the 
Army  included  HUMVEE  windscreen  treatments,  helicopter  canopy  treatments,  LO 
rotorblade  treatments,  and  CBW  protective  treatments.  Interests  from  the  Navy  in¬ 
cluded  the  same  set  of  canopy  concerns  as  the  Air  Force,  and  treatments  of  shipboard 
windscreens. 

Where  possible,  samples  of  the  existing  substrate  material  were  obtained  from 
the  user  and  passed  to  the  surface  preparation  and  characterization  task  for  IBAD 
alumina  processing.  By  far  the  most  accomodating  collaborations  in  this  regard  came 
from  the  Corpus  Christi  Army  Depot  (Mr.  A1  Gonzales),  the  F-16  project  office  (Capt. 
Dan  Bullock),  and  a  supplier  of  the  F-16  canopy  -  Texstar  Inc.  (Mr.  Lance  Teten). 
These  individuals  were  very  helpful  in  providing  suggestions  of  what  might  work  for 
their  application  and  in  working  with  us  through  the  unavoidable  initial  missteps. 

It  should  be  noted  that  most  offices  were  unapproachable  from  the  standpoint 
of  the  environmental  benefits  offered  by  the  IBAD  alumina  process.  This  continued  to 
be  true  even  when  the  performance  benefits  offered  by  the  IBAD  alumina  process 
were  presented  at  the  same  level  of  importance  as  the  environmental  benefits.  Only 
when  the  environmental  benefits  were  presented  as  a  symbiotic,  happenstance  benefit 
were  the  majority  of  potential  users  attentive  in  anything  more  than  a  courteous  man¬ 
ner. 


The  principal  non-DOD  applications  imder  consideration  were  the  building 
materials  application  at  Armstrong  World  Industries  and  the  application  of  the  IBAD 
alumina  coating  as  a  low-cost  protective  process  for  solar  reflectors  with  the  National 
Renewable  Energy  Laboratory  in  Golden,  CO.  The  building  materials  application  was 
the  basis  for  the  initial  development  of  the  process  by  Armstrong,  and  most  of  the 
substrate  materials  of  interest  in  those  applications  were  similar  in  their  chemical  and 
physical  configuration  to  substrate  materials  of  interest  to  the  DOD.  After  detailed 
consideration  of  the  results  from  this  project  and  their  own  internal  efforts,  Armstrong 
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concluded  that  the  cost  and  throughput  goals  for  the  building  materials  market  could 
not  be  met  by  any  near  term  projected  IBAD  alumina  capability. 

The  DOE/NREL  application  is  focussed  on  the  cost,  transparency,  and  corro¬ 
sion  barrier  performance  of  the  IBAD  alumina  process  as  applied  to  solar  reflectors  for 
the  generation  of  solar /thermal  electric  power.  We  are  presently  working  a  follow-on 
effort  to  our  initial  effort  with  NREL  and  the  results  to  date  have  exceeded  all  expec¬ 
tations.  In  a  30::1  accelerated  weathering  chamber  at  NREL  the  solar  reflector  material 
described  later  (Sections  3. 2.4.2  and  3.3)  was  processed  in  excess  of  14  months  with  no 
measureable  decline  in  its  performance  from  ~94%  reflectivity.  The  next  phase  of  the 
NREL  project  will  most  likely  consider  the  rate  scale-up  of  the  IBAD  process,  in 
preparation  for  integration  of  the  IBAD  process  into  a  large-volume  roll-coater  in  ap¬ 
proximately  a  year's  time.  At  the  least,  the  continuing  NREL/SAIC  effort  will  assure 
the  availability  of  the  IBAD  alumina  technology  for  future  DOD  use. 

3.2  Surface  Preparation  and  Characterization 
3.2.1  Introduction 

The  coating  process  described  in  this  report  was  developed  by  Armstrong  be¬ 
tween  1987  and  1993.  In  the  literature  the  process  is  known  as  ion  beam  assisted 
deposition  (IBAD).  IBAD  originated  in  the  early  1980s  as  a  method  to  improve  the 
properties  of  optical  coatings.  The  principles  of  IBAD  have  been  extensively  reviewed 
[2,3,4].  The  most  basic  system  for  IBAD  consists  of  three  components:  a  substrate,  an 
evaporation  source  for  coating  material,  and  an  ion  source  for  film  bombardment. 
Coatings  have  been  deposited  by  evaporation  for  decades.  The  essential  improvement 
offered  by  IBAD  is  the  addition  of  ion  bombardment  during  evaporation.  Ion  bom¬ 
bardment  can  have  a  wide  range  of  effects,  depending  on  the  species,  momentum,  to¬ 
tal  flux,  and,  most  importantly,  the  ion  energy.  As  its  energy  increases,  an  ion  is  able 
to  excite  a  wider  range  of  physical  effects  in  a  material  system.  In  this  project  the  es¬ 
sential  role  for  ion  bombardment  is  to  alter  the  coating  microstructure. 

Several  years  ago  Movchan  and  Demchishin  [5]  described  the  microstructure  of 
metal  and  oxide  films  deposited  by  evaporation.  They  identified  three  characteristic 
structure  zones  that  occur  according  to  the  substrate  temperature.  The  boundary  tem¬ 
peratures  between  these  zones,  Ti  and  T2,  occur  at  0.22-0.26  Tm  and  0.45-0.5  Tm  for 
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oxides  (where  Tm  is  the  material  melting  temperature).  Each  zone  has 
crostructure  (Figure  1). 


a  distinct  mi- 


Increasing  substrate  temperature  during  coating  process 


Ti 


T-2 


•  Domed  microstructure 

•  Amorphous 

•  Density  below  bulk 

•  No  surface  diffusion 


•  Columnar  microstructure 

•  Polycrystalline 

•  Density  near  bulk 

•  Limited  surface  diffusion 


•  Equiaxed  grains 

•  Monocrystalline 

•  Density  equal  to  bulk 

•  Bulk  diffusion 


and  Tz  depend  on  the  melting  temperature  of  the  bulk  material. 


The  first  zone  is  characterized  by  a  domed  structure  in  which  the  diameter  of 
the  domes  increases  with  temperature.  In  this  zone  the  structure  is  a  consequence  of 
madequate  adsorbate  surface  diffusion  due  to  the  relatively  low  substrate  tempera¬ 
ture.  Adsorbates  mostly  remain  where  they  strike  initiaUy,  and  shadow  the  next  ad¬ 
sorbate.  The  surface  is  particularly  prone  to  roughening  and  porous  growth  under 
conditions  of  oblique  flux  because  high  points  receive  more  flux  than  low  points.  A 
film  with  this  structure  may  be  only  80-90%  as  dense  as  the  bulk  material.  At  T^  there 
IS  a  gradual  transformation  to  the  columnar  structure  characteristic  of  the  second 
zone.  In  this  zone  well  defined  grain  boundaries  appear.  The  width  of  the  columnar 
crystallites  increases  with  temperature.  The  structures  in  this  zone  are  dominated  by 
adsorbate  surface  diffusion  processes.  An  adsorbate  has  time  to  diffuse  to  vacant  sites 
on  a  crystaUite  before  being  buried  by  incoming  flux.  Each  initial  grain  continues  to 
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grow  as  the  film  thickens.  The  third  zone  appears  at  higher  temperatures  in  which 
bulk  recrystallization  occurs.  The  columnar  grains  recrystallize  to  form  equiaxed 
grains.  This  structure  is  driven  by  the  minimization  of  strain  energy  and  grain  surface 
free  energy. 

For  alumina  the  boimdary  temperatures  Ti  and  T2  occur  at  350°C  and  900°C. 
The  low  melting  point  of  the  transparent  plastic  substrates  of  interest  in  this  project 
dictated  that  the  coatings  be  deposited  at  substrate  temperatures  within  the  first  zone. 

The  most  important  feature  of  ion  bombardment  is  its  ability  to  improve  the 
microstructure  of  coatings  deposited  at  temperatures  in  the  first  zone.  Without  ion 
bombardment,  surface  diffusion  is  inadequate  to  close  voids  and  seal  pores  during 
deposition.  Bombardment  drives  collision  cascades  that  result  in  forward  recoil  and 
lateral  displacement  of  atoms.  These  cause  the  lattice  to  collapse  to  a  more  densely 
packed  configuration. 

Another  benefit  of  bombardment  is  the  regulation  of  stress.  Coatings  deposited 
by  vapor  deposition  have  residual  stress  that  can  lead  to  cracking,  delamination,  or 
bending  of  a  thin  substrate.  Stress  can  arise  from  a  mismatch  in  thermal  expansion 
coefficients  between  the  coating  and  substrate  if  the  coating  is  grown  at  an  elevated 
temperature,  then  cooled  to  room  temperature.  A  coating  may  also  have  stress  if  it  is 
grown  on  a  substrate  subjected  to  mechanical  stress,  which  is  then  relieved  after 
growth.  Even  if  these  extrinsic  sources  of  stress  are  removed,  intrinsic  stress  often  re¬ 
mains.  Intrinsic  stress  can  be  caused  by  film  impurities,  the  presence  of  defects,  or  the 
occurrence  of  solid  state  transformations.  Ion  bombardment  can  modify  film  stress 
through  an  atomic  peening  effect. 

Coating  quality  on  a  plastic  substrate  is  to  a  large  extent  determined  by  how 
well  coating  stress  is  regulated.  The  subcontractor  report  [6]  from  the  Naval  Research 
Laboratory  includes  a  discussion  of  measurements  of  coating  stress.  Armstrong 
monitored  coating  stress  by  observing  the  bending  of  a  thin  Kapton  substrate  code¬ 
posited.  Tensile  stress  drives  the  formation  of  'mud'  cracks  on  polycarbonate,  for  ex¬ 
ample,  while  excessive  compressive  stress  leads  to  'worm'  tracks.  This  is  a  process 
whereby  the  coating  delaminates  along  a  furrow  in  order  to  relieve  stress.  Nonuni¬ 
formity  in  ion  bombardment  can  lead  to  the  presence  of  mud  cracks  and  worm  tracks 
on  the  same  coupon.  These  issues  are  addressed  in  more  detail  in  Section  3.2.3.2 
(canopies). 
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3.2.2  AdvancGd  Coating  Characterization 

3.2.2.1  Abrasion  Resistance 

Polycarbonate  (PC)  is  a  relatively  soft  plastic  subject  to  surface  marring  and 
scratching.  One  important  property  of  the  alumina  coating  is  that  it  significantly  in¬ 
creases  the  abrasion  resistance  of  PC.  A  machine  called  a  Taber  Abrader  is  commonly 
used  to  quantify  abrasion  resistance.  A  coupon  imder  test  rotates  beneath  an  abrasive 
wheel  under  a  fixed  load.  After  a  certain  number  of  revolutions  the  test  is  stopped.  At 
this  point  a  donut  impression  is  evident  where  abrasion  occurred. 

PC  coupons  with  an  aliunina  coating  were  prepared  in  three  runs  (05/03/95, 
05/05/95,  and  05/19/95)  with  coating  thicknesses  of  0.7,  2.4,  and  4.3  pm.  Other  than 
varying  coating  thickness  the  deposition  conditions  were  identical  (normal  nitrogen 
ion  assist).  In  order  to  compare  the  performance  of  alumina  to  a  commercial 
hardcoating,  we  also  tested  a  coupon  prepared  with  a  'Silvue'  coating.  Silvue  is  an  ex¬ 
ample  of  a  polysiloxane  loaded  with  colloidal  silica.  The  particular  coupon  tested  had 
a  coating  thickness  of  3.7  pm. 

The  specific  parameters  for  Taber  measurements  reported  here  were  500  revo¬ 
lutions  under  a  500  gram  load,  using  a  CS-lOF  wheel.  The  amount  of  abrasion  was 
quantified  in  terms  of  a  percentage  loss  in  optical  transmission.  We  also  viewed  sur¬ 
face  damage  using  an  SEM. 

Table  2  and  Figures  2-4  present  the  results  of  Taber  tests.  Without  a  protective 
coating  PC  appears  badly  abraded  (Figure  2).  Although  the  transmission  does  not 
drop  to  zero,  only  scattered  light  passes  through  the  coupon.  The  coupon  with  a 
0.7  pm  alumina  coating  fared  no  better.  On  the  other  hand,  the  coupons  with  a  2.4  or 

4.3  pm  coating  by  eye  appear  hardly  affected.  Figure  3  shows  faint  scratches  on  the 

2.4  pm  coating,  but  thickness  measurements  do  not  indicate  any  thinning  of  the  coat¬ 
ings.  This  result  indicates  that  for  a  given  load  on  the  Taber  wheel,  a  minimum  thick¬ 
ness  is  necessary  to  prevent  abrasion;  the  0.7  pm  coating  was  too  thin,  broke  up,  and 
wore  away.  No  advantage  is  conferred  by  a  coating  thickness  greater  than  the  mini¬ 
mum  required  for  a  given  load. 
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Coupon # 

Description 

%  Loss  in  Transmission  at  400 

nm 

95-5-48 

imcoated  polycarbonate 

69.8 

95-5-50 

0.7  pm  alumina  coating  on  polycar¬ 
bonate 

66.5 

95-5-49 

2.4  pm  alumina  coating  on  polycar¬ 
bonate 

3.0 

95-5-46 

4.3  pm  alumina  coating  on  polycar¬ 
bonate 

2.3 

95-5-47 

3.7  pm  Silvue®  coating  on  polycar¬ 
bonate 

34.4 

Table  2.  Results  from  Taber  Abrasion  Tests  on  Uncoated  and  Coated  Polycarbonate. 


Figure  2.  Surface  view  of  uncoated  polycarbonate  sheet  subjected  to  surface  abrasion  by  Taber 
abrader  (95-5-51).  See  text  for  details  of  test.  Sheet  was  rendered  opaque  because  of  extensive 

abrastion  damage. 
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Figure  3.  Same  abrasion  test  peformed  on  poly¬ 
carbonate  sheet  protected  with  2.4  pm  thick 
alumina  coating  (95-5-49).  Only  minor 
scratching  of  coating  occured  with  almost  no 
effect  on  transparency  or  transmission. 


Figure  4.  Same  abrasion  test  performed  on 
polycarbonate  sheet  protected  with  commercial 
hardcoating  (Silvue®)  3.7  pm  thick  (95-5-47). 

More  extensive  abrasion  occured  leading  to 
over  30%  loss  in  transmission  and  a  noticeable 
loss  in  transparency. 


The  coupon  with  a  Silvue  coating  performed  much  better  than  uncoated  PC. 
The  transmission  only  dropped  by  34%.  However,  Figure  4  shows  that  more  extensive 
surface  damage  occurred  than  with  even  the  2.4  pm  alumina  coating.  This  shows  that 
even  a  thinner  alumina  coating  significantly  outperforms  the  Silvue  coating. 

Overall,  the  Taber  tests  show  that  an  alumina  coating  effectively  protects 
against  abrasion.  The  coating  thickness  required  scales  with  the  applied  abrasion 
pressure.  A  coating  only  a  few  microns  thick  is  enough  to  protect  against  a  load  over 
half  a  kilogram. 

3.2.2.2  Chemical  Attack  Resistance 

The  alumina  coatings  were  tested  for  their  ability  to  protect  plastic  and  metal 
substrates  against  chemical  attack.  In  this  role,  not  only  must  the  coating  be  resistant, 
but  it  also  must  form  an  impenetrable  barrier  to  prevent  attack  of  the  substrate.  This  is 
a  more  stringent  standard  than  simply  demanding  that  the  coating  itself  be  resistant  to 
attack. 
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3. 2.2.2. 1  Polycarbonate  Substrates 

The  only  chemicals  found  to  actually  dissolve  an  alumina  coating  were  hydro¬ 
fluoric  acid  (HF)  and  concentrated  bases  (e.g.  KOH).  Concentrated  KOH  can  imme¬ 
diately  dissolve  a  4  jam  thick  coating,  while  immersion  in  a  pH  12  solution  requires 
about  8  hours.  The  reaction  product  is  aluminum  hydroxide.  A  4.8%  aqueous  solution 
of  HF  clouded  a  coating  in  a  matter  of  minutes. 

The  protective  properties  of  an  alumina  coating  on  polycarbonate  (PC)  were 
determined  by  immersing  coupons  in  a  variety  of  solvents.  The  manufacturer  advised 
that  strong  mineral  acids,  ketones,  chlorinated  hydrocarbons,  and  aromatics  attack 
unprotected  PC.  Table  3  summarizes  our  observations. 


Coupon  Number  94-6-3  with  4.8  pm  alumina  coating. 

chemical 

visible  effects  after  10  minutes 

visible  effects  after  17  hours 

acetone 

worm  tracks  originating  at  edges 

substrate  swelled,  coating  up¬ 
lifted  and  cracked,  but  adherent 

toluene 

extensive  worm  tracks  originat¬ 
ing  mostly  at  edges,  but  also 
some  in  center 

severe  substrate  swelling,  coating 
uplifted  and  cracked 

concentrated 

HCl 

no  effect 

no  effect 

concentrated 

H3P04 

no  effect 

no  effect 

concentrated 

HN03 

no  effect 

substrate  yellowed,  no  effect  on 
coating 

gasoline 

no  effect 

no  effect 

concentrated 

H2S04 

no  effect 

coating  flaked 

Table  3.  Solvent  Immersion  Effects  on  Polycarbonate. 


The  process  of  coating  failure  by  acetone  or  toluene  seems  to  begin  by  the  sol¬ 
vent  making  contact  with  bare  polycarbonate.  This  can  happen  either  at  an  edge  or 
through  a  pore,  scratch,  or  crack  in  the  coating.  At  this  point  the  polycarbonate  ab¬ 
sorbs  the  solvent  and  swells.  This  causes  cracking  of  the  coating  and  further  introduc¬ 
tion  of  solvent.  Eventually  the  smface  of  the  substrate  is  coarsened  by  swelling  and 
the  coating  is  completely  cracked.  Toluene  is  a  more  powerful  solvent  for  polycar¬ 
bonate  than  acetone,  so  the  process  of  crack  expansion  occurs  faster. 
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The  data  show  that  for  the  most  part  mineral  acids  have  little  or  no  effect  on  the 
coating.  The  interesting  exception  is  sulfuric  acid,  which  causes  flaking  of  the  coating 
without  obviously  attacking  either  the  substrate  or  the  coating.  The  first  small  worm 
tracks  appear  in  under  5  hours. 

In  summary,  the  alumina  coating  can  effectively  increases  the  resistance  of  PC 
to  a  wide  range  of  solvents  and  acids.  For  example,  rmprotected  PC  is  rendered 
opaque  instantly  in  contact  with  toluene.  Coated  PC  on  the  other  hand  requires  sev¬ 
eral  minutes  of  exposure  before  damage  occurs. 

3.2.2. 2.2  Protection  of  metal  substrates 

Coated  steel  coupons  were  tested  by  immersion  in  an  aqueous  solution  of  3.5% 
NaCl  for  65  hours.  Under  these  conditions  unprotected  steel  becomes  covered  with 
rust.  Table  4  lists  results  from  these  tests. 

Depending  on  deposition  conditions  differences  in  performance  are  evident. 
The  most  effective  protective  coatings  were  94-3-8  and  93-9-12.  These  coatings  were 
deposited  using  oxygen  ion  beam  assist.  To  prevent  corrosion  the  coating  must  be  free 
of  pores  or  cracks  that  allow  the  solution  to  contact  steel.  Other  deposition  conditions 
may  perform  worse  than  standard  oxygen  assist  because  pores  or  microcracks  are  pre¬ 
sent. 


Aliunina  coatings  were  also  deposited  onto  aircraft  grade  aluminum  (7075T6 
and  2024T3).  Figure  5  is  a  SEM  images  of  coated  aluminum  (95-2-13).  The  aluminum 
had  been  polished  only  to  a  dull  finish  prior  to  deposition.  The  rough  surface  present 
shows  that  the  coating  conformed  to  polishing  features.  Corrosion  protection  was  de¬ 
termined  by  applying  concentrated  HCl  acid  on  the  coating  (95-2-15).  HCl  vigorously 
attacks  unprotected  aluminum  with  evolution  of  hydrogen.  The  result  was  that  over 
the  course  of  several  minutes  the  acid  attacked  the  underlying  aluminum  at  pinpoint 
locations.  Figure  6  shows  one  such  pinpoint.  It  appears  that  acid  reached  the  alumi¬ 
num  through  a  localized  imperfection  in  the  coating.  Then  the  heat  and  gas  that 
evolved  cracked  the  coating  and  introduced  additional  acid  to  expand  the  attack.  In 
this  way  a  small  point  of  attack  expanded. 

The  initial  roughness  of  the  aluminum  is  a  factor  in  creating  imperfections.  The 
evidence  is  that  particularly  deep  scratches  gave  rise  to  a  higher  density  of  pinpoints. 
The  reason  may  be  that  scratches  have  overhangs  that  remains  imcoated. 
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Figure  5.  Alumina  coating  on  aluminum  Figure  6.  Alumina  coating  on  aluminum 

substrate  (95-2-13).  The  substrate  was  me-  substrate  (95-2-15)  after  exposure  to  con- 

chanically  polished  to  a  dull  finish  prior  to  centrated  hydrochloric  acid.  Acid  attacks  the 

deposition  of  the  coating.  Surface  roughness  substrate  through  localized  imperfections  in 
arises  because  the  vapor  deposited  coating  the  coating.  Initial  substrate  roughness  is  a 
conforms  to  the  substrate  scratches.  factor  in  creating  coating  imperfections. 


Coupon # 

Deposition  conditions 
(IBAD  type,  alumina  thickness) 

Observations 

93-9-18 

no  assist  5.5  |im 

mirror  finish,  few  pits 

94-3-9 

standard  O2  1.1  pm 

50%  corroded 

94-3-8 

standard  O2  2.1  pm 

mirror  finish 

93-9-12 

standard  O2  4.2  pm 

mirror  finish 

93-9-24 

high  O2  3.6  pm 

mirror  finish,  many  small  pits 

94-3-7 

high  O2  3.8  pm 

dull  finish,  many  small  pits 

94-3-7 

high  O2  4.0  pm 

mirror  finish,  many  small  pits 

94-3-15 

slow  O2  dep  3.6  pm 

roughened  finish 

94-3-11 

standard  N2  2.0  pm 

many  large  pits 

94-3-14 

high  N2  2.9  pm 

mirror  finish,  high  density  tiny  red  pits 

94-3-16 

high  N2  5.0  pm 

80%  dull  finish,  20%  partially  corroded 

Table  4.  Observations  of  the  corrosion  protection  provided  by  the  WAD  alumina  coating  on 
coupons  ofSAE  1010  low  carbon  steel  polished  to  a  mirror  finish.  Each  coupon  was  immersed 
in  an  aqueous  solution  of  3.5%  NaClfor  65  hours. 
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These  attempts  to  prevent  corrosion  of  metal  substrates  reveal  limitations  of  the 
coating  process.  The  coating  is  deposited  from  vapor  by  line  of  sight.  No  mobility  is 
present  on  the  surface  to  fill  in  macroscopic  gaps.  If  a  siuface  is  rough  it  must  be  ar¬ 
ticulated  during  deposition  to  improve  uniformity  in  coverage.  Even  then  localized 
imperfections  may  exist. 

Another  factor  is  that  the  coating  is  hard  and  relatively  brittle.  Mechanical  or 
thermal  stress  may  cause  the  formation  of  cracks.  At  the  base  of  a  crack  the  substrate 
is  not  protected.  If  corrosion  spreads  laterally  beneath  the  coating  further  cracking 
may  be  induced.  For  instance,  if  the  corrosion  product  has  lower  density  than  the  base 
metal,  coating  located  over  a  corroded  region  would  be  uplifted.  The  resulting  me¬ 
chanical  stress  could  lead  to  further  cracking  and  corrosion. 

In  summary,  the  coating  most  effectively  protects  against  corrosion  on  smooth 
substrates.  It  is  important  to  adjust  the  deposition  conditions  to  minimize  cracks.  If 
cracks  do  form,  corrosion  may  still  be  limited  if  the  corrosion  is  confined  to  the  base  of 
a  crack. 

3.2.3  DoD  APDlications 

3.2.3. 1  Fiberglass  Radome 

SAIC  initiated  a  collaboration  with  Brunswick  Mfg.  Inc.,  the  manufacturer  of 
the  F-16  radome,  in  order  to  investigate  the  application  of  the  alumina  coating  tech¬ 
nology  to  aircraft  radomes.  This  collaboration  was  initiated  with  the  assistance  of 
Capt.  Dan  Bullock  of  the  F-16  program  office  at  Hill  AFB.  Capt.  Bullock  was  associ¬ 
ated  with  the  radome  and  special  coatings  section  and  perceived  that  there  might  be 
an  opportunity  to  improve  the  performance  of  the  F-16  radome.  The  potential  of  the 
coating  to  assist  in  reducing  sand  abrasion  wear  of  the  radome  coating  material  was 
raised  in  our  proposal  to  ARPA  in  late  1992. 

In  September  of  1993,  Dr.  Kirkpatrick  of  SAIC  and  Dr.  Isaacs  of  MIT  traveled  to 
the  Brunswick  plant  in  Marion  VA,  toured  the  facility  and  discussed  the  opportunity 
of  coating  radome  samples  with  the  IB  AD  alumina  process.  Dr.  Kirkpatrick  returned 
with  several  samples  of  the  flouropolymer  coated  fiberglass  and  bare  fiberglass  used 
in  the  F-16  radome.  The  possibility  of  directly  coating  the  radome  fiberglass  was  im¬ 
mediately  discarded  because  of  the  need  for  an  energy  dissipative  layer  to  absorb  rain 
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droplet  impact  shock.  The  fluoropolymer  rain  erosion  layer  was  extremely  soft  and 
applied  at  10  mils  thickness. 

Our  efforts  to  apply  the  IBAD  alumina  coating  to  the  fluoropolymer  coated  fi¬ 
berglass  met  with  limited  success.  A  total  of  19  coupons  were  prepared  during  seven 
different  batch  runs,  including  both  treatments  of  the  bare  fiberglass  and  elastomeric 
coated  fiberglass  materials.  The  IBAD  alumina  coating  on  top  of  the  elastomeric  layer 
was  easily  flaked  off  with  a  fingernail  -  we  believe  this  flaking  was  due  to  the  large 
mismatch  in  flexibility  between  the  alumina  and  elastomeric  layers.  The  radome  fi¬ 
berglass  itself  was  straightforwardly  coated,  but  this  might  present  only  a  minimal 
advantage  in  the  chemical  protection  of  the  imderlying  fiberglass  during  stripping 
operations  for  removal  and  replacement  of  the  elastomeric  layer.  The  value  added  that 
this  woTold  represent  did  not  appear  to  merit  the  added  cost  burden  of  the  IBAD  proc¬ 
essing. 


These  results  and  our  interpretations  were  relayed  to  both  Capt.  Bullock  at  Hill 
AFB  and  the  F-16  program  manager  at  Brunswick.  We  subsequently  discontinued  ex¬ 
amination  of  the  F-16  radome  application  as  a  high  priority  transition  opportunity  for 
the  IBAD  alumina  technology. 

3.2.3.2  Polycarbonate  and  Specialty  Coated  Polycarbonate  Canopies 

SAIC  initiated  a  collaboration  with  Texstar  Inc.,  the  manufacturer  of  the  F-16 
canopy,  in  order  to  investigate  the  application  of  the  alumina  coating  technology  to 
aircraft  canopies.  In  October  1994,  SAIC  received  from  Texstar  14  panels  of  canopy 
material,  each  measuring  6"  x  6"  (152  mm  x  152  mm).  The  panels  consisted  of  3/8" 
(9.5  mm)  thick  polycarbonate  with  either  no  coating  (8  each)  or  an  'enhanced  gold' 
coating  (6  each).  SAIC  retained  one  of  each  t5q)e  and  transferred  the  remainder  to 
Armstrong  for  coating. 

Armstrong  performed  the  first  deposition  onto  Texstar  panels  in  November 
using  normal  nitrogen  assist.  The  thickness  of  the  alumina  coating  was  5.3  pm-  On  an 
enhanced  gold  panel,  the  alumina  coating  showed  extensive  flaking  and  narrow 
coarse  tracks  extending  several  centimeters.  However,  on  a  bare  PC  panel  the  alumina 
coating  adhered  very  well.  Armstrong  had  problems  with  ion  beam  control  during 
the  run  and  thought  this  might  be  a  factor  in  the  poor  performance  on  tiie  enhanced 
gold  panel.  They  performed  a  second  nm  with  improved  ion  assist  control,  but  still 
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produced  identical  results.  They  believed  flaking  on  the  enhanced  gold  panel  was 
caused  by  insiofficient  ion  assist.  For  the  third  run  they  increased  the  level  of  ion  assist 
by  10%  to  no  beneficial  effect.  Adhesion  of  the  alumina  coating  to  bare  panels  was 
consistently  excellent,  but  was  poor  to  enhanced  gold  panels. 

Visual  inspection  of  panels  coated  at  Armstrong  by  SAIC  personnel  identified 
the  cause  of  the  tracks  on  enhanced  gold  panels.  During  deposition  Armstrong  used 
grounded  metal  clips  to  mount  the  panels.  The  clips  were  in  contact  with  the  conduc¬ 
tive  front  surface  of  the  panels.  During  deposition  the  ion  beam  was  not  completely 
neutralized;  this  created  a  charge  build-up  on  the  surface  of  the  coating.  Tracks  were 
formed  in  the  coating  as  an  electrical  discharge  of  this  build-up  traveled  to  the 
grounded  clips. 

Armstrong  performed  a  fourth  deposition  run  in  December  in  which  the  front 
surfaces  of  the  panels  were  electrically  isolated.  Discharge  tracks  were  eliminated,  but 
the  alumina  coating  stiU  showed  regions  of  flaking.  Flaking  may  occur  after  cohesive 
failure  in  either  the  alumina  or  enhanced  gold,  or  a  bonding  failure  between  the  two 
materials.  These  possibilities  were  resolved  by  analyzing  XPS  spectra  of  the  interface 
side  of  an  alumina  coating  flake  removed  from  an  enhanced  gold  panel. 

The  first  step  was  to  characterize  the  enhanced  gold  coating  without  an  alu¬ 
mina  coating.  Figure  7  is  a  montage  of  survey  spectra  acquired  during  a  sputter  depth 
profile.  The  spectrum  closest  to  the  front  represents  the  outermost  surface.  The  spectra 
reveal  that  the  enhanced  gold  coating  consists  of  gold  sandwiched  between  layers  of 
indium  tin  oxide  (ITO). 
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Figure  7.  Multilayer  structure  of  "enhanced  gold"  coating  is  revealed  by  x-ray  photoelectron 

•  spectroscopy.  Survey  spectra  are  acquired  sequentially  while  depth  profiling  using  sputtering. 

The  first  level  corresponds  to  the  top  surface  of  the  coating.  The  structure  consists  of  gold 
sandwiched  between  layers  of  indium  tin  oxide. 

Figure  8  is  a  survey  spectrum  of  the  interface  side  of  an  alumina  flake  removed 
®  from  a  substrate  with  an  ITO  coating.  The  presence  of  indium,  tin,  and  oxygen  shows 

that  a  layer  of  ITO  remained  adhered  to  the  flake.  Therefore,  alumina  chemically 
bonds  strongly  to  ITO  and  flaking  of  the  alumina  coating  occurs  because  of  cohesive 
failure  in  the  ITO  coating.  It  is  stress  developed  in  the  alumina  coating  and  transferred 

•  through  the  interface  that  causes  this  cohesive  failure  in  the  ITO. 
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Figure  8.  In  some  cases  the  alumina  coating  forms  flakes  on  the  ITO  (indium  tin  oxide)  surface 
of  the  enhanced  gold  structure.  The  interface  side  of  a  flak  was  analyzed  by  x-ray  photoelectron 
spectroscopy.  The  survey  spectrum  shown  above  indentifies  the  elements  present  in  the  top 
most  layer  of  ~4  nm.  The  presence  of  indium  and  tin  shows  that  a  surface  layer  of  FT O  is  re¬ 
moved  when  the  alumina  coating  forms  flakes.  This  indicates  that  alumina  adhesion  fails  be¬ 
cause  of  cohesive  failure  in  the  ITO  coating. 

One  approach  to  prevent  adhesion  failure  is  to  reduce  the  level  of  stress  in  the 
alumina  coating.  The  only  means  to  regulate  stress  is  ion  flux.  Nonuniformity  in  ion 
flux  across  a  panel  leads  to  nonuniformity  in  stress.  We  know  from  ion  probe  meas¬ 
urements  that  the  ion  beam  flux  is  most  intense  in  the  center  of  a  panel,  and  falls  off 
towards  the  edges.  On  a  single  6"  x  6"  panel  this  leads  to  a  range  of  behavior.  At  the 
center  of  a  panel,  the  coating  flaked.  Around  a  ring  25-50  mm  from  the  center,  the 
coating  was  adhered  and  crack-free,  while  aroimd  a  ring  75  mm  from  the  center  the 
coating  showed  mud  cracks.  These  observations  indicate  that  the  stress  in  the  coating 
varied  from  tensile  at  the  edges  to  compressive  at  the  center.  The  coating  was  adhered, 
and  crack-free  only  in  the  intermediate  region  where  the  stress  was  neutral.  This  is 
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evidence  that  the  Armstrong  system  lacked  the  process  control  to  regulate  stress 
across  a  single  panel. 

A  solution  would  entail  producing  a  more  uniform  ion  flux.  This  could  be 
achieved  using  multiple  ion  sources,  for  example.  However,  experimental  work  in 
this  direction  was  beyond  the  scope  of  the  existing  program. 

Another  approach  to  prevent  flaking  is  to  deposit  a  thinner  coating.  The 
amount  of  compressive  stress  required  to  prevent  tensile  cracking  in  a  coating  scales 
with  the  coating  thickness.  A  thinner  coating  requires  less  stress.  We  followed  this  ap¬ 
proach  and  achieved  a  coating  free  of  cracking  and  flaking  only  after  decreasing  tiie 
thickness  to  1.2  pm  (rim  2/22/95).  This  is  not  an  optimal  approach  because  a  thinner 
coating  has  significantly  less  abrasion  resistance 

The  coupon  with  a  1.2  pm  alumina  coating  (95-3-45)  was  shipped  to  Texstar  for 
testing.  The  test  involved  heating  to  55°C  in  high  humidity.  After  accelerated  expo¬ 
sure  equivalent  to  30  days,  the  coating  flaked  off.  This  was  not  totally  imexpected 
since  nonuniform  stress  was  still  present  in  the  coating,  and  the  mean  stress  was  not 
necessarily  optimal. 

A  second  approach  to  prevent  flaking  is  to  insert  an  appropriate  buffer  layer 
between  the  alumina  coating  and  ITO.  One  property  of  the  buffer  layer  is  that  it  must 
possess  greater  cohesive  strength  than  ITO  so  as  to  withstand  stress  transferred  by  the 
alumina  coating.  Second,  the  layer  can  not  transmit  stress  through  to  the  imderlying 
ITO.  Two  types  of  buffer  layers  were  investigated:  metal  and  polymer.  The  metal 
layer  used  was  titanium.  A  film  only  3nm  thick  successfully  adhered  an  alumina 
coating  2  pm  thick  on  enhanced  gold.  This  is  nearly  double  the  thickness  possible 
without  a  buffer  layer.  Unfortunately,  the  adhesion  was  still  only  marginal,  and  the 
coating  flaked  when  rubbed.  A  thicker  film  of  titanium  would  be  more  effective,  but 
optical  transmission  declines  rapidly  with  increasing  thickness. 

The  second  buffer  layer  attempted  was  the  Silvue  hardcoating.  Since  no  com¬ 
plete  canopy  panels  remained  for  testing,  only  small  samples  could  be  tested.  When 
applied  to  canopy  samples,  Silvue  adhered  well,  but  showed  cracking.  Due  to  a  short¬ 
age  of  canopy  samples,  trial  runs  were  performed  on  samples  without  an  enhanced 
gold  coating  but  only  a  Silvue  coating.  These  runs  showed  that  Armstrong  lacked 
process  control  to  consistently  deposit  the  alumina  coating  onto  a  Silvue  coating.  Some 
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samples  were  adhered  and  crack-free  while  others  showed  worm  tracks.  No  coupons 
were  produced  with  the  configuration  alumina/Silvue/enhanced  gold/PC. 

3.2.3.3  Faceshield  Lenses 

The  Corpus  Christi  Army  Depot  (CCAD)  has  primary  responsibility  within  the 
DoD  for  overhaul  and  refurbishment  of  helicopters.  This  activity  demands  extensive 
amormts  of  sand  blasting.  While  blasting,  each  worker  protects  his  face  with  a  plastic 
faceshield  (referred  to  as  a  lens)  that  survives  about  IVi  days  before  being  rendered 
opaque.  CCAD  uses  over  1000  faceshields  a  year  in  this  way.  The  manager  who  over¬ 
sees  sand  blasting  operations  at  CCAD  contacted  SAIC  about  the  possibility  of  apply¬ 
ing  the  alumina  coating  to  faceshields  in  order  to  reduce  the  generation  of  waste 
faceshields. 

We  thought  the  high  abrasion  resistance  qualities  of  the  alumina  coating  might 
reduce  sand  blasting  damage.  We  received  from  CCAD  samples  of  faceshields  in  July 
1994.  Initial  attempts  at  Armstrong  to  coat  these  faceshields  were  unsuccessful  be¬ 
cause  the  polyester  used  to  fabricate  the  shields  had  a  heat  deformation  temperature 
so  low  that  the  shields  appeared  optically  distorted  after  the  thermal  loading  of  the 
IBAD  coating  process. 

Two  approaches  were  taken  to  solve  this  problem.  First,  shields  were  cut  from 
polycarbonate  (PC)  sheet  that  could  be  coated  using  standard  conditions.  Second, 
Armstrong  changed  their  process  parameters  to  reduce  the  thermal  load  on  the 
shields  during  deposition,  mainly  by  reducing  the  deposition  rate. 

Four  samples  of  alumina  coated  shields  were  shipped  to  CCAD  in  August 
1994.  These  consisted  of  three  samples  of  PC  (94-8-41, 94-8-47,  and  94-8-48)  and  one  of 
polyester  (94-8-17).  All  had  alumina  coatings  about  4  pm  thick.  CCAD  reported  that  in 
service  the  coated  shields  lasted  a  shorter  time  than  uncoated  ones.  CCAD  returned 
94-8-48,  94-8-41,  and  an  uncoated  polyester  shield  to  SAIC  for  inspection.  94-8-48 
lasted  for  IVi  hours  of  blasting  using  plastic  media,  94-8-41  lasted  only  4  hours  using 
sand  media,  and  the  uncoated  shield  12  hours. 

The  coated  shields  were  visibly  frosted.  The  uncoated  shield  seemed  more  op¬ 
tically  distorted.  Under  the  SEM  these  differences  in  appearance  were  distinguishable 
on  a  microscopic  level.  The  main  damage  on  uncoated  polyester  was  roughening  and 
scuffing  (Figure  9).  The  two  coated  shields  showed  no  abrasion,  but  instead  had  circu- 
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lar  cracks  and  tiling  with  sharp  edges  (Figure  10).  Adhesion  of  alumina  to  94-8-41  was 
poorer,  perhaps  because  a  lower  level  of  ion  flux  was  used  during  deposition. 


Figure  9.  SEM  images  of  polyester  faceshield  used  to  protect  workers  during  beadblasting  for 
12  hours.  The  surface  is  tom  and  deformed  by  impacts,  resulting  in  distorted  vision  for  the 

worker. 


Figure  10.  SEM  images  of  polycarbonate  faceshield  with  alumina  coating  (94-8-48).  The  shield 
was  used  to  protect  a  worker  for  7.5  hours.  The  alumina  coating  shows  extensive  cracking 
caused  by  bead  impact.  Sharp  edges  along  cracks  effectively  scatter  light  and  reduce  worker  vi¬ 
sion. 

We  deduced  that  individual  particles  impact  on  the  coating  and  are  reflected. 
The  energy  of  impact  deflects  the  coating  because  the  substrate  is  too  soft  for  support. 
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When  the  impact  deflection  exceeds  a  critical  amoimt,  the  coating  cracks.  Optical 
transparency  is  lost  when  light  scatters  from  the  sharp  crack  edges.  When  no  coating 
is  present,  the  plastic  surface  is  abraded  and  roughened.  These  surface  effects  cause 
optical  distortion  in  viewing,  but  less  scattering. 

In  summary,  coating  sand  blasting  faceshields  with  alumina  did  not  increase 
the  life  expectancy.  An  alumina  coating  on  a  plastic  shield  can  protect  against  abra¬ 
sion,  but  not  without  itself  being  fractured.  Optical  transparency  is  lost  when  light 
scatters  from  the  sharp  edges  of  a  fracture. 

3.2.4  Non-DoD  Commercial  APDlications 

3.2.4. 1  Armstrong  Industries 

The  coating  process  used  in  this  project  was  developed  by  Armstrong  Indus¬ 
tries  between  1987  and  1993.  Their  motivation  was  to  put  hard  protective  wear  layers 
on  floors,  or  on  thin  pol)rmer  sheeting  that  could  be  laminated  to  floors.  Armstrong 
scientists  determined  that  a  4  pm  thick  alumina  coating  effectively  protected  polymer 
surfaces  against  the  types  of  wear  a  floor  experiences. 

Armstrong  planned  on  commercial  application  of  the  process  by  using  it  to 
lower  the  cost  of  manufacturing  flooring.  In  a  web  coating  system,  the  deposition  rate 
most  strongly  determines  the  cost  per  square  foot  of  coated  material.  Armstrong  pro¬ 
jected  that  in  order  for  the  process  to  be  cost  effective  a  300-fold  scale-up  in  the 
deposition  rate  would  be  required.  This  would  entail  increasing  the  rate  from  about 
1  nm/s  to  300  nm/s.  Commercially  available  evaporators  are  capable  of  this  rate,  but 
at  the  start  of  this  project,  no  ion  source  was  capable  of  matching  the  rate.  If  the  proc¬ 
ess  parameters  are  linearly  scaled,  the  ion  current  required  at  the  substrate  would  be 
87  mA/cm^,  compared  to  0.29  mA/cm^  generated  by  the  existing  cold  cathode  soiuce. 

The  current  project  grew  from  discussions  between  SAIC  and  Armstrong  about 
the  possibility  of  a  300-fold  improvement  in  existing  ion  source  technology  using  field 
emitter  technology  developed  by  SAIC.  However,  experience  gained  during  the 
course  of  the  project  has  indicated  that  insufficient  ion  current  is  not  the  only  factor 
preventing  a  300-fold  scale-up.  Another  factor  is  heat  load  on  the  substrates.  The 
sources  of  heat  include  radiation  from  molten  alumina  in  the  evaporator,  the  heat  of 
condensation  of  the  evaporant,  and  the  ion  beam  assist.  The  relative  contribution  of 
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each  source  depends  on  the  deposition  rate.  At  high  rates,  the  ion  beam  assist  delivers 
the  largest  contribution. 

The  Armstrong  system  was  designed  for  batch  coating  of  substrates  up  to  8" 
(203  mm)  in  diameter.  Even  when  the  deposition  rate  was  as  low  as  1.1  nm/ s,  deposi¬ 
tion  onto  plastic  substrates  was  limited  to  a  20%  duty  cycle  in  order  to  prevent  ther¬ 
mal  damage  to  the  substrates.  During  the  remainder  of  the  cycle  the  substrates  faced  a 
shroud  cooled  by  liquid  nitrogen.  In  spite  of  this  measure,  the  substrate  temperature 
still  exceeded  100°C  during  deposition. 

Web  coating  systems  can  be  designed  with  more  effective  cooling.  A  common 
method  is  to  hold  the  web  imder  tension  against  a  cooled  drum  in  the  deposition 
zone.  In  order  to  prevent  the  web  from  melting,  heat  deposited  onto  the  front  surface 
must  be  in  balance  with  heat  removed  from  the  back  surface.  Since  plastic  is  a  poor 
conductor  of  heat,  the  web  must  be  thin  to  maximize  the  deposition  rate  without 
melting  the  top  surface.  Scaling  formulas  exist  to  determine  the  maximum  power 
sustainable  without  melting  [7].  For  a  3  mil  (76  pm)  PET  web,  the  maximiim  power  is 
about  5  W/cm^.  This  corresponds  to  a  deposition  rate  of  60  nm/s  using  a  typical  level 
of  ion  assist  (60  eV/ atom).  The  maximum  power  allowed  for  a  canopy  would  be 
much  lower  because  it  is  much  thicker. 

In  summary,  deposition  of  a  4  pm  thick  alumina  coating  onto  a  plastic  web  was 
not  cost  effective  for  Armstrong.  The  limiting  factor  is  that  a  plastic  web  can  not 
withstand  the  high  heat  load  mandated  by  a  high  deposition  rate.  Armstrong  stopped 
IB  AD  work  in  May  1995  and  has  since  sold  all  of  the  associated  equipment. 

3.2.4.2  National  Renewable  Energy  Laboratory 

The  National  Renewable  Energy  Laboratory  (NREL)  is  the  lead  government 
organization  for  the  development  of  optical  reflector  materials  suitable  for  solar  ther¬ 
mal  concentrating  systems.  NREL  awarded  a  contract  entitled  "A  Cost  Effective  Proc¬ 
ess  for  High  Volume  Production  of  Enhanced  Lifetime  Solar  Reflective  Materials"  to 
the  Applied  Physics  Operation  of  SAIC  in  December  1994.  The  primary  goal  of  this 
contract  was  to  establish  whether  the  alumina  coating  technology  developed  by  SAIC 
and  Armstrong  could  have  application  in  an  Advanced  Solar  Reflective  Material 
(ASRM).  ASRMs  must  meet  the  performance  goal  of  maintaining  at  least  90%  specular 
reflectance  for  longer  than  5  years  in  service. 
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The  reflector  material  developed  under  the  contract  was  Structure  1  defined 
below  (not  to  scale): 


Top  Protective  Layer 
Reflective  Layer  (Ag) 
Metal  Protective  Layer  (Cu) 
Substrate  (PET) 


Structure  1  is  a  front  surface  reflector  on  a  polymer  substrate.  This  basic  design  was 
recognized  as  desirable  early  on,  but  it  was  difficult  to  find  a  durable  top  protective 
layer.  For  example,  the  3M  Company  manufactures  a  reflector  material  (ECP305)  with 
an  organic  protective  layer.  Unfortunately  the  material  is  prone  to  a  form  of  failure 
called  'honneling'  whereby  the  organic  layer  delaminates.  Also  there  is  concern  that  an 
organic  material  will  have  a  relatively  short  lifespan  in  the  field. 

The  limitations  of  an  organic  protective  layer  can  be  overcome  by  using  an  in¬ 
organic  protective  layer  instead.  The  aliunina  coating  technology  has  proven  to  be 
highly  effective  in  this  application.  Samples  of  Struchire  1  with  an  alumina  top  coating 
have  been  subjected  to  accelerated  weathering  at  NKEL.  Without  a  chemical  barrier  to 
atmospheric  exposure,  silver  rapidly  tarnishes  and  loses  reflectivity.  Figure  11  shows 
that  after  over  six  months  of  accelerated  weathering,  equivalent  to  over  a  decade  in 
the  field,  there  is  no  loss  in  reflectivity  for  samples  protected  by  an  alumina  coating  as 
thin  as  0.5  pm.  This  performance  exceeds  the  NREL  standard  for  an  ASRM.  Based  on 
these  results,  it  appears  that  Structure  1  employing  an  alumina  protective  coating  may 
be  an  ideal  ASRM. 

The  cost  to  manufacture  Structure  1  is  equally  as  important  as  its  technical  per¬ 
formance.  NREL  has  set  a  cost  benchmark  for  ASRMs  to  be  below  $l/sq.  ft  ($11 /m^). 
A  cost  analysis  was  performed  as  part  of  the  contract.  The  deposition  rate  of  the  alu¬ 
mina  coating  was  foimd  to  be  an  important  cost  parameter.  The  cost  is  below  $11 /m^ 
for  deposition  rates  above  30  nm/s.  This  rate  is  achievable  using  existing  deposition 
technology.  Some  details  of  the  cost  analysis  are  presented  in  Section  3.3. 
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Alumina 

Thickness 


-0.5  micron 
-1  micron 
-2  microns 
-4  microns 


Exposure  Time  (hours) 


Figure  11.  Reflectance  vs  Exposure  Time  for  Alumina-protected  Surfaces. 

As  this  report  is  being  written,  work  continues  on  developing  Structure  1  as  an 
ASRM.  The  ultimate  plan  is  to  manufacture  upwards  of  20  million  sq.  ft.  (1.9  km^)  of 
Structure  1  using  web  coating  techniques.  The  next  steps  on  this  path  are  to  demon¬ 
strate  reflector  performance  on  stainless  steel  and  to  meet  mechanical  tests  required 
for  field  installation. 

3.2.5  Conclusions  on  Advanced  Coating  Capability 

The  essential  achievement  of  the  Armstrong  process  is  the  deposition  of  thick 
alumina  coatings  on  plastic  substrates.  The  fact  that  alumina  is  hard  and  transparent 
led  us  to  focus  on  its  application  as  a  protective  coating  for  transparent  plastics  such  as 
polycarbonate  (PC)  and  polymethyl  methacrylate  (PMMA).  During  the  course  of  the 
project,  the  conditions  needed  to  deposit  crack-free  coatings  on  these  plastics  were 
determined.  PC  is  widely  used  as  a  canopy  material  in  the  DoD.  Although  PC  has  ex¬ 
cellent  impact  resistance,  it  is  subject  to  surface  abrasion  in  the  canopy  application. 
One  finding  from  this  project  is  that  an  alumina  coating  only  a  few  microns  thick  ef¬ 
fectively  protects  PC  against  abrasion. 
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Canopies  have  multifunction  design  requirements.  Besides  abrasion  resistance 
there  is  rain  erosion,  radar  cross  section,  protection  for  pilot  and  sensors  against  la¬ 
sers,  static  electricity  bleed  off,  and  bird  strike.  With  the  exception  of  bird  strike,  these 
design  requirements  demand  an  approach  employing  integrated  and  non-interfering 
multilayers.  Radar  cross  section  and  static  bleed  off  requirements  are  currently  been 
met  by  transparent  conductive  coatings,  such  as  'enhanced  gold'.  These  coatings  are 
soft  and  prone  to  erosion  if  left  unprotected.  Attempts  were  made  in  this  project  to 
coat  'enhanced  gold'  with  alumina.  Unfortunately  this  particular  coating  system  has  a 
very  narrow  process  window  in  terms  of  acceptable  coating  stress.  Across  a  single 
coupon,  nonuniformity  in  ion  bombardment  led  to  coating  variations  from  tensile 
cracking  to  compression  induced  flaking.  To  eliminate  cracking  and  flaking  in  this 
coating  system,  hirther  improvements  in  ion  bombardment  uniformity  are  necessary. 
Another  approach  is  insertion  of  an  interlayer  beneath  the  alumina  coating  in  order  to 
distribute  stress. 

A  similar  issue  of  stress  dissipation  is  raised  when  considering  rain  erosion. 
Rain  erosion  is  a  process  whereby  shock  waves  generated  by  particle  impact  erode  a 
material.  A  simple  system  consisting  of  a  hard  coating  on  a  soft  substrate  is  not  effec¬ 
tive  against  particle  impact.  When  the  pressure  of  impact  exceeds  the  strain  to  fracture 
point  (0.6%)  of  an  alumina  coating,  cracks  will  form.  This  failure  mechanism  was  ob¬ 
served  with  faceshields  subjected  to  bead  blasting. 

A  multilayer  coating  system  is  necessary  in  order  to  be  simultaneously  abra¬ 
sion  and  impact  resistant.  The  components  of  this  system  could  be  an  alumina  coating 
outermost  for  abrasion  resistance,  followed  by  an  elastomeric  interlayer  to  absorb 
shock.  The  interlayer  would  need  high  hardness  at  the  interface  to  support  the  alu¬ 
mina  coating  against  impact  induced  fracture. 

The  emergence  of  high  power  laser  threats  has  made  laser  protection  a  new  re¬ 
quirement  for  canopies.  A  laser  can  blind  a  pilot  or  essential  sensors  from  a  great  dis¬ 
tance.  The  IBAD  process  is  able  to  deposit  a  broad  band  reflective  filter  by  modulating 
the  coating  index  of  refraction  to  achieve  a  multilayer  structure  such  as  a  rugate  filter. 
This  has  already  been  demonstrated  by  depositing  alternating  layers  of  aluminum  ni¬ 
tride  and  aluminum  oxide  [8]. 

A  multilayer  coating  system  incorporating  these  diverse  canopy  design  re¬ 
quirements  can  be  achieved  by  an  IBAD  system  in  concert  with  other  coating  tech- 
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nologies.  For  example,  elastomeric  layers  are  probably  best  applied  by  wet  chemical 
techniques.  Testing  at  Texstar  Inc.  suggests  that  alumina  can  be  used  for  abrasion  re¬ 
sistance.  However,  a  great  deal  of  work  remains  before  a  multifunction  canopy  based 
on  a  multilayer  coating  system  can  be  produced. 

The  path  to  eventual  success  in  this  effort  is  shown  by  work  for  the  National 
Renewable  Energy  Laboratory  (NREL),  the  lead  government  agency  for  solar  energy 
generation.  Since  last  December  SAIC  and  Armstrong  have  developed  an  advanced 
solar  reflective  material  (ASRM)  utilizing  the  alumina  coating  technology.  This  re¬ 
quired  the  integration  of  the  alumina  coating  with  a  metal  coating  stack.  The  multi¬ 
layer  coating  stack  developed  consisted  of  (working  out  from  the  substrate) 
copper/sHver/alumina  on  PET  sheet,  in  which  the  outer  alumina  coating  functioned 
as  a  barrier  against  atmospheric  corrosion  of  the  reflective  silver  layer.  In  accelerated 
testing  the  new  ASRM  has  far  exceeded  NREL  standards  for  durability  and  reflectiv¬ 
ity.  There  is  every  indication  that  this  application  of  the  alumina  coating  technology 
will  be  a  technical  and  commercial  success. 

3.3  Advanced  Ion  Source  Development 

3.3.1  Introduction 

Prior  to  this  project,  one  of  the  primary  constraints  limiting  more  widespread 
application  of  IBAD  alumina  coatings  was  cost  issues  related  directly  to  the  deposition 
rates  available  from  IBAD  source  technology.  The  IBAD  process  comprises  an  evapo¬ 
rative  source  of  the  material  to  be  deposited  and  an  ion  beam  source  to  impart  energy 
to  the  depositing  molecules  as  they  arrange  themselves  on  the  substrate.  Given  that  a 
certain  level  of  ion  energy  per  deposited  evaporant  molecule  must  be  provided  to 
achieve  the  desired  film  characteristics,  a  balance  is  required  between  the  evaporation 
rate  and  the  ion  power  delivered  to  the  surface.  Prior  to  the  accomplishments  of  this 
project,  the  output  capacity  of  the  ion  sovuce  was  the  limiting  factor  for  the  IBAD 
process  deposition  rate  and  therefore  the  substrate  coverage  throughput  rate.  The  ex¬ 
isting  ion  source  technology  at  the  start  of  this  project  limited  rates  for  IBAD  coating 
with  alumina  to  -  6  nm/  s. 

3.3.2  Source  Trade-offs 

The  Armstrong  process  uses  IBAD  of  AI2O3,  and  their  present  device  is  limited 
to  a  deposition  rate  of  2  nm/ s  by  the  available  ion  (O'*")  flux  of  30  mA/ cm^  at  the  ap- 
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erture  of  their  source.  This  source  aperture  current  density  produces  50  pA/cm^  at  the 
target  substrate.  To  increase  throughput  by  100-fold  requires  deposition  rates  of 
200  nm/s,  which  implies  a  requirement  for  5  mA/cm^  at  the  substrate.  In  a  produc¬ 
tion  process,  the  ion  source  will  be  a  slit  (or  perhaps  a  linear  array  of  circular  sources) 
so  that  a  wide  strip  of  substrate  material  can  be  treated  as  it  is  moved  xmder  the 
source.  Since  the  ion  beam  from  a  circular  source  expands  in  both  transverse  dimen¬ 
sions  while  the  beam  from  a  linear  source  expands  in  only  one  trarisverse  dimension, 
a  single  circular  source  will  require  higher  current  density  at  the  source  aperture  to 
produce  a  given  current  density  at  the  substrate  than  is  required  from  a  slit  source  at 
the  same  stand-off  distance.  A  100-fold  increase  in  throughput,  therefore,  may  require 
only  10-100  fold  increase  in  current  density  at  a  slit  aperture.  By  this  reasoning,  a  de¬ 
sign  goal  for  the  ion  source  current  density  at  the  aperture  was  set  to  nominally 
l.OtA/ cm^. 

The  optimum  extraction  voltage  for  the  process  is  not  known,  but  is  believed  to 
lie  between  approximately  30  V  and  500  V.  One  role  of  the  ions  in  the  process  is  to 
hold  the  coating  near  the  surface  while  surface  chemistry  takes  place.  Below  30  V,  the 
ion  energy  is  insufficient  to  reflect  coating  molecules  back  to  the  surface.  Above  500  V, 
the  ion  energy  is  large  enough  to  cause  appreciable  sputter. 

The  ion  source  development  effort  progressed  through  three  concepts  for  pro¬ 
ducing  significantly  increased  ion  source  current  density.  The  first  concept  consisted 
of  retrofitting  the  Denton  Mfg.  CC-102R  cold  cathode  ion  source  that  was  already  in 
place  on  the  Armstrong  deposition  system.  While  we  recognized  that  retrofitting  the 
Denton  source  was  unlikely  to  give  us  the  1.0  A /cm^  source  current  density  men¬ 
tioned  above,  we  held  out  some  expectation  that  we  could  significantly  improve  the 
in-place  source  capability  at  Armstrong.  This  would  in  turn  allow  deposition  tests  at 
higher  incident  current  densities  and  validate  some  scalability  of  the  IBAD  process  to 
higher  deposition  rates.  Unfortunately,  the  gas  pressure  distribution  in  the  CC-102R 
ion  source  could  not  be  modified  enough  to  allow  operation  of  the  FEA  cathodes  in 
either  their  high  or  low  pressure  regimes. 

The  second  concept  built  on  the  results  of  these  efforts  and  split  the  oxygen 
plasma  generation  and  oxygen  ion  extraction  functions  of  the  ion  source  into  two 
separate  chambers.  This  concept  is  well  established  and  is  more  commonly  referred  to 
as  a  Plasma  Injection  Gun  or  PIG.  The  intrinsic  geometry  of  the  FEA  cathodes  favored 
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a  planar  plasma  discharge,  while  the  PIG  geometry  favored  a  cylindrical  geometry, 
and  this  design  sought  to  combine  the  two. 

The  third  and  final  concept  built  on  the  lessons  learned  from  both  previous  ef¬ 
forts.  This  concept  employed  a  hollow  cathode  geometry  driven  discharge  in  a  two- 
stage  PIG  configuration.  The  hollow  cathode  geometry  avoided  the  effects  of  the  pres¬ 
sure  variation  during  the  ignition  of  the  plasma  arc.  This  final  geometry  was  success¬ 
ful  in  providing  the  necessary  plasma  current  to  populate  a  gun  extraction  chamber 
sufficient  to  allow  1  A/cm^  extracted  ion  current  densities. 

Also  important  to  this  development  effort  was  the  discovery  that  the  web 
structure  to  be  coated  in  the  IB  AD  process  could  not  survive  deposition  rates  in  excess 
of  60  nm/s.  This  reduced,  by  a  factor  of  five,  the  targeted  maximum  current  density 
for  the  advanced  ion  source. 

We  first  discuss  our  measurements  and  results  with  the  Denton  ion  source, 
followed  by  those  with  the  planar/ cylindrical  discharge  PIG  source.  We  close  with 
discussions  of  the  hollow  cathode  PIG  source  and  the  theoretical  limitations  on  cur¬ 
rent  extraction. 

3.3.3  Denton  Source 

Part  of  the  development  effort  for  a  high  current  oxygen  ion  beam  source  suit¬ 
able  for  scale-up  of  the  IBAD  process  focused  on  the  characterization  of  a  commercial 
ion  source  and  the  investigation  of  a  retrofit  with  a  Si-TaSi2  eutectic  field  emitter  (FE) 
electron  source.  This  effort  consisted  of:  (a)  construction  of  a  testing  chamber  and  in¬ 
stallation  of  a  commercial  ion  source,  (b)  characterization  of  the  ion  source,  (c)  modi¬ 
fication  of  the  ion  source  for  FE  retrofit,  (d)  testing  the  FE  retrofit  design,  (e) 
performing  surface  analysis  post  test  (SEM,  XPS),  and  (f)  evaluating  FE  ion  source 
performance  for  application  to  a  subsequent  ion  gun  design.  The  commercial  ion 
source  used  was  a  CC-102R  Cold  Cathode  Ion  Source  System  from  Denton  Vacuum, 
Inc. 


The  commercial  source  was  characterized  by  recording  values  for  the  Drive 
Voltage  and  Current,  Beam  Current,  Bias  Voltage,  Neutralizer  Current  control  set¬ 
tings,  and  the  extracted  ion  current  for  argon  and  oxygen  gas  flows  at  a  set  chamber 
pressure.  Data  sets  were  taken  at  fixed  chamber  pressures  for  each  of  three  inter¬ 
changeable  extraction  grid  apertures  supplied  by  Denton: 
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•  Aperture  "A"  is  a  flat  flange  with  IM  inch  (31.75  mm)  diameter  opening  and 
is  recommended  for  achieving  a  high  density,  self  neutralizing  beam  of  high 
uniformity. 

•  Aperture  "B"  assembly  is  a  domed  wire  cloth  with  20  x  20  mesh  attached 
between  two  rings  with  a  3%  inch  (95.25  mm)  diameter  opening  and  is  used 
to  achieve  a  high  density,  divergent  ion  beam. 

•  Aperture  "C"  grid  assembly  is  a  flat  cloth  wire  with  a  20  x  20  mesh  attached 
to  a  flange  with  2  inch  (50.8  mm)  diameter  opening  and  is  used  to  achieve  a 
narrow  ion  beam  at  a  low  chamber  pressure. 

The  initial  data  analysis  consisted  of  plots  taken  of  voltage  versus  source  current  and 
voltage  versus  extracted  ion  density  for  each  aperture  under  both  argon  and  oxygen 
flow  at  a  set  chamber  pressure.  The  extracted  ion  density  was  calculated  from  the 
xmdiscriminating  current  striking  the  masked  and  isolated  aluminum  collecting  plate 
at  a  distance  of  30.5  mm  from  the  ion  source.  The  exposed  area  of  the  plate  is  ap¬ 
proximately  116tcm2  and  is  isolated  on  ceramic  stand-offs.  The  plots  were  then  made 
for  each  aperture  xmder  characterization  and  their  performance  evaluated.  This  char¬ 
acterization  of  the  CC-102R  Cold  Cathode  Ion  Source  resulted  in  a  set  of  base  point 
data  to  compare  the  original  source  configuration  and  the  FE  cathode  material  retrofit. 
The  results  of  the  characterization  for  the  standard  commercial  ion  source  configura¬ 
tion  for  each  extraction  aperture  under  oxygen  gas  flow  are  presented  with  the  ex¬ 
perimental  data  of  the  FE  retrofit. 

The  modification  of  CC-102R  Ion  Cold  Cathode  Ion  Source  to  incorporate  FE 
cathode  material  was  undertaken  with  a  redesign  of  the  gun  cathode  region.  The  po¬ 
sitioning  design  for  placement  of  the  FE  cathode  was  chosen  to  demonstrate  improved 
cold  cathode  ion  source  performance  in  the  form  of  higher  ion  current  densities  with 
longer  operational  lifetime.  In  this  advanced  ion  gun  design,  a  number  of  Si-TaSi2  wa¬ 
fers,  nominally  5/8  inch  (15.9  mm)  in  diameter,  were  placed  in  an  array  as  to  lie  just 
inside  of  the  anode  of  the  ion  source.  The  FE  cathode  wafers  were  slightly  recessed  in 
the  holder  exposing  roughly  80%  of  each  surface.  A  5  mil  (127  pm)  thick  nickel  disk 
was  used  behind  each  cathode,  and  an  aluminum  gasket  foil  was  applied  to  the  back¬ 
side  to  ensure  electrical,  mechanical,  and  thermal  contact. 
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A  total  of  nineteen  experiments  and  one  control  were  conducted  using  the  modified  ion 
source  configuration.  In  all  cases  extensive  SEM  analysis  was  performed  on  all  FE  cath¬ 
ode  material  to  document  its  condition  at  vital  steps  in  the  preparation  for  retrofit  and 
after  test  insertion.  Under  all  test  conditions,  the  final  performance  was  compared  to 
the  original  data  taken  during  Ihe  ion  source  characterization.  High  resolution  XPS 
analysis  was  performed  after  the  several  of  the  experimental  cases.  Details  of  this  en¬ 
tire  experimental  effort  are  available  in  a  separate  report  [9]. 

The  performance  goals  for  an  advanced  oxygen  ion  beam  source  in  this  context 
were  defined  as  follows:  (1)  ion  current  densities  of  0.3  A/ cm^  at  the  output  of  the 
source;  (2)  operational  time  >  500  hours  at  this  current  density;  (3)  ion  beam  energy 
spread  of  50  eV  or  less  for  a  mean  energy  of  400  eV;  (4)  ion  beam  divergence  angle  of 
less  than  20°;  (5)  hmable  mean  ion  energy  in  the  range  of  100  eV  to  2000  eV;  (6)  wall 
plug  efficiency  of  >  5%;  (7)  total  available  ion  current  of  0.6  A  for  a  source  model  suit¬ 
able  for  retrofit  onto  the  existing  IBAD  test  bed;  and  (8)  scaleable  to  a  total  available 
ion  current  of  15  A  in  a  single  unit.  Presently  the  Denton  CC-102R  Cold  Cathode  ion 
source  system,  depending  on  which  extraction  aperture  used,  is  capable  of  a  produc¬ 
ing  the  following:  source  voltage  range  of  300-1600  V;  beam  exaction  of  7-20%;  maxi¬ 
mum  beam  current  of  70-200  mA;  maximum  beam  energy  of  100-1000  eV;  maximum 
beam  density  of  55-150  A/cm^;  beam  uniformity  of  >  0.76-0.95;  and  a  minimum  op¬ 
erational  chamber  pressure  in  the  range  of  5  x  lO"^  to  1  x  10"'^ttorr.  These  are  typical 
performance  values  for  a  44-inch  (1.12  m)  box  coater  with  a  pumping  speed  of 
2500  l/s  as  summarized  from  the  users'  manual. 

The  Denton  ion  source  as  modified  under  this  project  falls  into  the  category  of 
single  aperture  sources  employing  magnetic  fields.  Of  the  sources  based  on  this  archi¬ 
tecture  for  electron-gas  interaction  and/or  ion  extraction,  the  Denton  gim  is  consid¬ 
ered  one  of  the  best  examples  of  a  widely  dynamic,  cost  effective,  and  robust  system. 
This  system  falls  short  of  the  minimum  on-target  ion  density  required  for  large  scale 
production  of  advanced  coatings  by  a  factor  of  about  100.  Additionally,  when  the 
aluminum  surfaces  used  in  this  system  is  subjected  to  oxygen  at  the  pressures  and 
voltages  required  for  the  effective  deposition  of  AI2O3  coatings,  the  aluminum  sur¬ 
faces  become  oxidized,  and  a  higher  voltage  is  required  to  sustain  the  discharge  cur¬ 
rent.  Thus  the  ion  intensity  falls  off  over  some  hours  of  operation.  When  this  condition 
starts  to  occur,  the  source  then  can  be  reconditioned  by  operation  in  argon  at  800- 
1000  V,  100-200  mA  for  approximately  a  half  hour,  effectively  reversing  the  oxidation 
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process  by  sputtering  the  inner  surfaces  with  energetic  argon  ions.  This  procedure  can 
be  repeated  until  it  is  no  longer  effective.  Then  the  source  must  be  removed  and  disas¬ 
sembled  for  cleaning. 

The  objectives  of  the  first  key  demonstration  experiments  were  to  investigate 
the  enhancement  of  these  capabilities  by  the  replacement  of  some  of  the  aluminum 
siurfaces  in  the  CC-102R  source  with  a  high  density  field  emissive  (FE)  material.  Pre¬ 
dicted  performance  of  the  initial  retrofit  of  the  source  with  gold-coated  Si-TaSi2  FE 
cathode  material  was  modest  and  based  upon  the  areal  comparisons.  One  order  of 
magnitude  improvement  in  total  ion  density  and  a  significant  increase  in  the  opera¬ 
tion  of  the  modified  ion  source  at  that  output  were  expected.  The  expected  success  of 
the  retrofitted  source  employing  Si-TaSi2  field  emitters  as  the  primary  electron  source 
was  based  on  their  performance  in  other  tested  systems.  With  a  record  of:  a)  operation 
in  a  background  of  oxygen;  b)  producing  electron  currents  of  75  A/cm^  in  vacuum 
(10'5  torr  and  below);  and  c)  lifetimes  exceeding  400  hours  of  continuous  operation  in 
similar  discharge  environments,  the  addition  of  eutectic  field  emitters  was  a  valid 
modification  to  the  Denton  cold  cathode  ion  source  system. 

The  initial  analysis  of  the  FE  performance  did  show  some  improved  operation 
in  an  oxygen  environment  in  the  standard  CC-102R  ion  source  configuration  until 
rapid  surface  contamination  degraded  its  performance.  Although  a  factor  of  ten  im¬ 
provement  in  ion  flux  performance  was  expected,  the  CC-102R  FE  cathode  retrofit  ex¬ 
periments  did  not  produce  on-target  ion  densities  of  that  order.  The  most  favorable 
data  produced  only  a  factor  of  two  increase,  and  that  data  could  not  be  reproduced. 
An  explanation  for  the  inability  to  achieve  the  expected  result  of  an  increased  on- 
target  ion  density  with  extended  lifetime  follows. 

The  mechanism  for  producing  field  emission  from  Si-TaSiz  composite  material 
requires  electric  fields  of  the  order  of  around  50-200  kV / cm  depending  mainly  of  the 
surface  conditions  of  FE  cathode.  Initial  "turn  on"  field  strengths  are  usually  higher 
than  the  "conditioned"  FE  cathodes  which  after  several  hours  of  operation  maintain 
the  same  level  of  electron  output  at  lower  electric  field  strengths.  In  experiments  con¬ 
ducted  at  SAIC,  these  FE  surface  conditions  have  been  studied  at  length  for  optimum 
specification.  Thus  the  procedures  for  processing  the  FE  material  are  performed  to 
produce  single  crystal  material  of  the  proper  tip  height  with  surface  and  tip  uniform¬ 
ity.  Though  there  are  many  steps  in  the  production  process  from  growing  the  raw 
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material  to  processing  it  for  use,  at  crucial  points  the  material  is  examined  for  integ¬ 
rity. 

To  change  the  power  balance  and  make  effective  use  of  the  FE  material  in  the 
ion  source  would  require  that  the  field  strengths  50-200  kV / cm  be  achieved  at  the  sur¬ 
face.  For  this  operational  condition  to  exist  in  the  CC-102R  ion  source,  a  phenomenon 
called  plasma  enhanced  field  emission  (PEFE)  must  take  place.  Typically,  Si-TaSb 
cathode  PEFE  operation  has  been  observed  in  vacuum  pressures  of  argon  or  oxygen  of 
1-lOttorr.  PEFE  has  several  requirements:  1)  a  positive  sheath  plasma  boundary  must 
form  near  the  surface  of  the  cathode;  2)  the  potential  at  the  sheath  boundary  must  be 
at  least  1  V;  and  3)  the  Debye  length  at  the  sheath  boundary  must  be  of  order  10  pm. 
In  the  present  modified  CC-102R  ion  source  configuration,  this  is  not  accomplished.  A 
positive  plasma  sheath  forms  for  discharges  in  most  gas  compositions  due  to  the 
higher  mobility  of  the  electrons  compared  to  the  ions.  However,  we  were  unable  to 
create  pressures  of  1-10  torr  in  the  vicinity  of  the  FE  cathodes,  and  therefore  the  scale 
size  of  the  sheath  formation  and  the  Debye  length  were  unsatisfactory  for  obtaining 
the  PEFE  operation. 

3.3.4  Cvlindrical/Planar  Discharge  PIG 

The  cylindrical/ planar  discharge  PIG  was  an  attempt  to  achieve  the  necessary 
pressure  range  in  the  vicinity  of  the  FE  cathode  to  obtain  a  PEFE  discharge,  while  at 
the  same  time  achieving  a  pressure  of  ~10^  torr  in  the  ion  extraction  regime  for  effi¬ 
cient  ion  source  operation.  This  four-order-of-magnitude  pressrure  differential  is 
achieved  by  separating  the  discharge  and  extraction  volumes  by  a  fine  aperture,  as 
shown  in  Figure  12.  The  upper  chamber  is  designed  to  maintain  a  pressure  in  the 
range  of  1-10  torr,  and  the  FE  cathode  element  drives  the  plasma  discharge  in  the  up¬ 
per  chamber  via  the  PEFE  mode  of  operation.  Large  amounts  of  plasma  escape  from 
the  upper  volume  through  the  aperture  to  the  lower  volume,  where  the  ambient  pres- 
sme  is  in  the  range  of  ~10^  torr.  Typical  gas  flow  speeds  into  the  upper  chamber  are 
~30  SCCM,  while  the  pumping  speed  in  the  vacuum  chamber  is  -500  // s. 

Two  elements  of  this  design  are  critical  to  exciting  a  sustained  PEFE  discharge 
in  the  upper  chamber.  First,  the  distance  from  the  FE  cathode  element  to  the  aperture 
disk  must  be  appropriately  set.  This  spacing  must  be  large  enough  that  the  necessary 
sheaths  and  boimdary  layers  can  form  around  the  cathode  and  aperture  disk  without 
interfering  with  one  another,  yet  at  the  same  time  be  small  enough  that  the  initial 
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voltage  spike  required  to  break  down  the  upper  cavity  and  initiated  the  discharge 
does  not  damage  the  cathode.  Second,  the  size  of  the  aperture  in  the  aperture  disk 
must  appropriately  balance  the  need  for  the  pressure  differential  against  the  efficient 
transfer  of  the  PEFE  plasma  to  the  extraction  chamber.  Both  of  these  conditions  must 
be  met  to  drive  any  substantial  plasma  into  the  extraction  chamber. 

Our  measmements  indicated  that  a  cathode  to  aperture  disk  spacing  of  3- 
10  mm  could  yield  a  PEFE  discharge,  with  a  spacing  of  approximately  5-7  mm  ap¬ 
pearing  most  optimal.  The  optimal  aperture  size  was  foimd  to  be  1-2  mm  for  a  1  mm 
thick  aperture  disk. 


GAS  INLET 


FEA  CATHODE 
APERTURE 

EXTRACTION 

GRID 


VACUUM  VOLUME 


Figure  12.  The  layout  of  the  cylindrical/planar  discharge  PIG. 

Our  measurments  also  included  characterizations  of  a  geometry  similar  to  that 
shown  in  Figure  12  but  where  the  aperture  disk  was  formed  from  two  separate  ele¬ 
ments.  The  geometric  aperture  affecting  the  gas  flow  was  fabricated  from  an  insulator. 
A  second,  metal,  aperture  disk  with  a  larger  aperture  was  placed  behind  the  ceramic 
aperture  disk,  away  from  the  FE  cathode.  This  arrangement  reduced  the  amoimt  of 
current  collected  by  the  aperture  disk  relative  to  the  current  flowing  into  the  plasma 
through  the  cathode. 
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While  we  were  able  to  repeatably  show  plasma  discharge  pulses  with  peak 
currents  larger  than  5  A  from  a  3  mm  diameter  cathode,  we  were  unable  to  ingite  and 
sustain  a  discharge  for  any  substantial  time.  A  fast  pressure  gauge  was  added  to 
monitor  the  upper  chamber  and  it  was  discovered  that  the  pressure  in  the  upper 
chamber  was  falling  by  as  much  as  an  order  of  magnitude  as  a  result  of  each  strong 
discharge.  This  large  a  pressure  drop  would  certainly  have  the  effect  of  extinguishing 
the  PEFE  discharge  before  there  was  any  opportunity  for  operation  to  stabilize.  The 
modification  of  this  design  geometry  to  compensate  for  this  effect  resulted  in  our  third 
approach,  described  next. 

3.3.5  Hollow  Cathode  Arc  Source 

The  hollow  cathode  arc  source  is  extremely  similar  to  cylindrical/ planar  PIG 
source  shown  in  Figure  12,  with  the  exception  that  the  cathode  element  is  the  interior 
and  end  areas  of  a  hollow  tube  which  also  serves  as  the  gas  feed  for  the  upper  stage 
(see  Figure  13).  A  striker  electrode  is  brought  into  proximate  contact  with  the  cathode 
to  initiate  the  arc,  and  then  removed.  The  impedance  of  the  striker  electrode  is  large  to 
prevent  the  arc  current  from  seeking  that  circuit  path  to  ground.  The  alternate  ground 
path  available  to  the  arc  is  to  transit  to  a  lower  pressure  volume  below  the  cathode. 
The  cathode  tube  is  long  and  thin;  the  end  aperture  of  the  cathode  provides  the  same 
function  as  the  aperture  in  the  cylindrical/planar  PIG  described  above:  the  gas  flow 
through  the  tube  is  sufficient  to  raise  the  pressure  inside  the  tube  to  ~1  torr,  while  the 
pressure  in  the  volume  below  the  cathode  is  ~10'*  torr.  As  the  arc  is  initiated,  how¬ 
ever,  the  pressure  variation  only  extends  a  small  distance  inside  the  tube  due  to  the 
large  flow  impedance  of  the  narrow  tube. 

The  setup  shown  in  Figure  13  was  successfully  used  to  generate  -60-90 V, 
>50  Amp  discharge  pulses  lasting  up  to  several  seconds.  The  limiting  factor  in  the  du¬ 
ration  of  the  discharge  was  found  to  be  a  minor  fault  in  the  design  of  the  striker  cir¬ 
cuit.  This  fault  resulted  in  the  discharge  dumping  through  the  striker  circuit  when 
some  of  the  generated  plasma  drifted  to  the  aperture  through  the  shield  cylinder  for 
the  striker  electrode.  A  small  circuit  modification  is  planned  to  fix  this  problem. 
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Figure  13.  The  hollow  cathode  arc  source  geometry,  showing  the  various  electrode  contacts  and 
gas  feeds.  The  tantalum  cathode  is  a  long  narrow  tube;  for  pressures  in  the  ion  extraction  re¬ 
gion  of  ~10-*  torr,  the  pressurejust  inside  the  tantulum  tube  aperture  is  ~I  torr. 

The  >50  Amp  discharge  current  available  with  this  geometry  is  more  than  suf¬ 
ficient  to  drive  commercial  second  stage  ion  sources  to  saturation.  This  includes  ion 
sources  working  with  an  oxygen  plasma  feedstream  to  form  an  oxygen  ion  beam.  The 
work  on  this  last  design  was  performed  in  collaboration  with  Commonwealth  Scien¬ 
tific  Corporation,  and  was  wholly  supported  by  the  internal  funding  resources  of 
SAIC  and  CSC. 

3.3.6  Design  and  Modeling 

The  modeling  effort  was  intended  to  identify  and  study  design  options  for  a 
process  ion  source.  The  computer  code  used  in  this  analysis  is  SNOW,  a  widely-used 
dense  ion-beam  model  that  includes  the  plasma  expansion  cup,  the  ion  acceleration 
region,  and  a  neutralizing  drift  space  in  a  two-dimensional  corrfiguration  (either  axi- 
symmetric  or  with  planar  symmetry).  It  models  the  steady-state  ion  flow  using  an  it¬ 
erative  procedure  in  which  the  trajectories  of  representative  ions  are  computed 
through  the  device.  These  are  then  used  as  sources  in  Poisson's  equation  to  determine 
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the  potentials.  The  model  allows  a  Boltzmann  distribution  of  electrons  in  Poisson's 
equation. 

The  duopigatron-type  source  design  was  chosen  for  modeling  to  study  the 
scaling  of  the  extracted  current  density  without  neutralization  with  aperture  size  for 
both  circular  and  slit  aperture  geometries.  This  particular  source  design  has  the  ad¬ 
vantages  that;  a)  it  has  operated  in  an  O2  environment  [10];  b)  its  geometry  is  com¬ 
patible  with  a  modular  design  approach  in  the  process  environment;  and  c)  it 
provides  a  natural  configuration  for  isolating  the  electron  emitters  from  damaging  ion 
bombardment.  The  basic  duopigatron  configuration  consists  of  a  high  pressure 
plasma  source  that  feeds  a  lower  pressure  discharge  chamber  where  electrons  injected 
from  a  filament  are  trapped  electrostatically  and  produce  copious  ions.  The  ions  are 
extracted  through  the  electrode  that  traps  the  electrons,  typically  using  an  accel-decel 
column  to  control  and  focus  the  extracted  beam.  The  major  disadvantage  of  the  du¬ 
opigatron  is  that  it  requires  the  extraction  of  an  ion  beam,  and  therefore  faces  the  issue 
of  space-charge-limited  extraction.  Ion  current  densities  of  0.3  A/ cm^  have  been  re¬ 
ported  in  the  literature  at  an  extraction  voltage  of  50  kV.  While  the  accel-decel  con¬ 
figuration  allows  the  extraction  voltage  to  be  higher  than  is  allowed  at  the  substrate,  it 
is  not  practical  to  extract  at  50  kV  and  decelerate  to  <  500  V,  even  using  an  externally 
neutralized  beam  transport  region  to  control  space  charge. 

At  low  extraction  voltage  the  current  is  limited  by  Child's  Law,  which  is  given 
by 


Jion  =  0.17 


3/2 


kV 


^  nip 


X  {  Geometry  Factor  } 


cm 


where  mp  is  the  proton  mass,  M  is  the  ion  mass,  VfcV'  is  the  extraction  voltage  in  kilo¬ 
volts,  and  dmm  is  the  extraction  gap  in  millimeters.  The  "Geometry  Factor"  is  a  cor¬ 
rection  for  non-planar  electrodes,  which  can  be  ignored  for  the  purposes  of  scaling. 

If  the  extraction  gap  is  decreased  at  fixed  voltage,  the  electric  field  strength  at 
the  electrode  will  increase  and  eventually  lead  to  breakdown.  Decreasing  the  gap 
width  and  the  extraction  voltage  in  parallel,  so  that  the  field  strength  at  the  electrode 
is  approximately  constant  leads  to  the  interesting  scaling  law. 
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Jion  ~  for  %  =  constant 

which  shows  that  the  required  current  derrsity  can  be  obtained  (in  a  planar  extractor) 
without  breakdown  if  d  is  made  sufficiently  small.  In  fact,  d  =0.12  mm  is  required  for 
/ion  =  lA/cm2  at  1^=500  V. 

To  actually  extract  this  current,  of  course,  requires  an  aperture  in  the  electrode. 
The  accepted  rule  of  thumb  in  ion  source  design  is  that  the  diameter  of  the  aperture  be 
approximately  equal  to  the  gap  width.  Simulations  with  this  configuration  yield  cur¬ 
rent  densities  in  excess  of  1  A/cm^,  but  the  total  extracted  current  is  very  small 
(because  of  the  small  aperture).  A  series  of  runs  has  been  made  with  SNOW  to  exam¬ 
ine  the  effect  of  enlarging  the  aperture,  with  the  result  that  the  current  density  falls  off 
very  rapidly  as  the  aperture  is  decreased. 

Since  the  process  source  will  have  a  slit-aperture  geometry,  instead  of  a  circular 
aperture,  a  second  series  of  simulations  has  been  carried  out  with  SNOW  to  examine 
the  effect  of  this  change  in  geometry.  Again,  the  results  indicate  a  rapid  decrease  in 
extracted  current  density  as  the  aperture  dimensions  are  increased.  These  results  indi¬ 
cate  that  this  source  will  only  operate  successfully  with  space-charge  neutralization.  In 
fact,  neutralization  must  be  provided  not  only  in  the  extraction  region,  but  throughout 
the  transport  from  the  source  aperture  to  the  substrate.  Otherwise,  space  charge  forces 
will  cause  the  ions  to  reflect  back  to  the  source  (i.e.,  the  electrostatic  potential  will 
form  a  "virtual  cathode").  The  extractor  region  is  particularly  difficult  to  neutralize 
because  it  contains  large  electric  fields  that  are  drawing  the  ions  toward  the  cathode. 
Injecting  electrons  at  the  cathode,  making  a  bipolar  diode,  provides  a  small  enhance¬ 
ment  in  the  ion  current  density  due  to  space  charge  neutralization,  but  causes  a  major 
loss  of  efficiency.  Highly  mobile  electrons  rapidly  traverse  the  extraction  gap,  draw¬ 
ing  power  from  the  extractor  power  supply.  The  ratio  of  ion  to  electron  current  den¬ 
sity  in  this  configuration  is  given  by  the  root  of  the  mass  ratio. 


where  me  is  the  electron  mass. 

The  electrons  can  be  prevented  from  traversing  the  gap  by  imposing  a  trans¬ 
verse  magnetic  field  on  the  gap,  creating  a  "magnetically  insulated"  extractor.  The 
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magnetic  field  strength  can  be  selected  so  that  the  ion  trajectories  in  the  gap  are  unaf¬ 
fected  while  the  electron  trajectories  are  strongly  deflected.  This  crossed-field  configu¬ 
ration  is  similar  to  a  magnetron  geometry,  which  is  a  potentially  viable  ion  extraction 
configuration  for  the  duopigatron. 

3.4  Impact  Analysis 

3.4.1  Cost  Modeling 

This  task  concentrated  on  the  economic  modeling  and  life  cyclen  analysis  of  the 
IBAD  alumina  deposition  process.  In  particular  we  focussed  on  two  applications  of 
IBAD  processing:  i)  coating  polycarbonate  aircraft  canopies,  which  would  reduce 
landfill  volumes  in  the  future  and  ii)  solar  reflector  materials,  which  would  enhance 
the  use  of  renewable  energy.  Models  of  materials  production  technologies  have 
proven  to  be  powerful  tools  for  evaluating  alternative  materials,  processes  and  manu¬ 
facturing  technologies.  This  economic  analysis  consists  of  the  construction  and  use  of 
the  a  process  based  cost  estimation  model.  The  modeling  approach  breaks  out  the 
processing  steps  into  unit  operations  where  necessary,  and  separates  the  various  cost 
elements  for  each  operation.  Data  used  to  construct  the  model  is  obtained  via  collabo¬ 
ration  with  other  team  participants  of  this  program,  as  well  as  through  information 
from  industry  experts.  Hence  the  model  represents  an  accurate  picture  of  the  expected 
production  scenario,  and  can  be  utilized  in  various  ways.  Sensitivity  analyses  aid  in 
understanding  the  prime  contributors  to  coating  costs  and  provide  approaches  to  cost 
reduction. 

Process  based  cost  models  are  useful  tools  for  estimating  the  operating  and 
overall  product  costs  of  these  manufacturing  deposition  systems.  The  cost  models  are 
designed  to  reflect  manufacturing  intricacies  by  breaking  out  the  processing  steps  into 
small,  manageable  steps,  or  unit  operations.  In  the  model  various  cost  elements  can  be 
separated  out  for  each  unit  operation.  The  estimation  employs  clearly  defined  and 
verifiable  economic  and  accounting  principles,  and  is  based  on  engineering  principles 
and  the  physics  of  the  manrifacturing  process. 

The  processing  conditions,  deposition  rates,  and  film  thicknesses  are  varied  for 
deposition  via  an  IBAD  system  using  a  technical  cost  model  to  determine  the  trade¬ 
offs  in  economic  viability.  This  investigation  is  done  in  concert  with  the  results  of 
technical  performance  of  various  coated  substrates,  i.e.,  the  manufacturing  costs  are 
calculated  for  the  most  promising  of  the  aluminacoated  samples.  As  a  first  approxi- 


Science  Applications 
International  Corporation 


Final  Report 
Contract  No.  MDA972-93-C^0022 


mation  for  economic  viability,  the  equipment  for  the  deposition  system  is  postulated 
as  an  adaptation  of  that  used  for  standard  metallization  in  the  roll  coating  industry.  A 
batch  coating  process  is  modeled  by  specifying  a  short  roll  length,  or  possibly  by 
specifying  several  smaller  components  assembled  into  the  analog  of  a  short  roll 
length. 


Roll  or  Batch  Coating 
Deposition  System 


Figure  14.  Process  Steps  for  Multi-Layer  IBAD  Process. 

Figure  14  shows  the  generalized  process  unit  steps  for  coating  the  substrates 
under  consideration.  In  Step  1,  the  substrate  surface  is  cleaned  or  prepared  prior  to 
deposition.  Initially,  several  techniques  for  preparation  were  under  consideration,  in¬ 
cluding:  1)  argon  ion  bombardment;  2)  oxygen  ion  bombardment;  3)  wet  chemical 
treatment  and  4)  plasma  radical  treatment.  However,  after  further  experimentation 
and  testing  of  coated  samples,  it  was  determined  that  only  the  argon  ion  bombard¬ 
ment  is  required  for  adequate  surface  preparation.  Other  pretreatment  techniques  are 
not  considered  in  the  cost  analysis. 

Steps  2,  3  and  4  represent  the  actual  deposition  steps.  While  some  coating  ap¬ 
plications  require  only  a  layer  of  ceramic  material,  other  coatings  require  deposition  of 
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metallic  interlayers  as  well  as  a  ceramic  coating.  Incorporation  of  Steps  1  through  4 
into  a  single  piece  of  equipment  allows  diversification  for  a  variety  of  potential  appli¬ 
cations  without  breaking  system  vacuum.  A  specific  quality  control  step  has  not  been 
implemented  in  this  model. 

In  the  cost  analysis,  the  unit  operations  which  are  separated  out  for  final  cost 
analysis  include  only  Steps  2, 3  and  4.  Step  1,  while  included  in  processing,  is  not  iso¬ 
lated  as  a  processing  step  because  it  is  highly  incorporated  into  the  deposition  steps. 
The  cost  analysis  includes  the  materials,  energy,  labor,  and  equipment  costs  for  manu¬ 
facture  of  the  coated  substrate.  Cost  is  not  included  for  cutting,  installation  or  mainte¬ 
nance  of  the  coated  substrate.  Waste  disposal  of  replaced  canopies  or  reflector 
materials  is  not  included  in  this  analysis.  Cost  savings  from  longer  use  over  the  prod¬ 
uct  lifetime  are  also  not  included  in  the  cost  model  analysis. 

Each  of  the  three  deposition  unit  operations  discussed  above  are  broken  down 
into  the  cost  elements  described  below-  either  as  variable  or  as  fixed  costs.  The  sum  of 
these  costs  for  a  given  unit  operation  provides  an  estimate  of  the  total  cost  for  a  given 
unit  operation.  Breakdown  and  representation  of  the  costs  in  this  way  allows  devel¬ 
opers  to  imderstand  where  the  greatest  cost  burdens  lies  in  each  unit  operation. 

3.4.1.1  Variable  Costs 

Variable  costs  are  the  contributions  to  the  manufacturing  product  cost,  which 
are  independent  of  the  quantity  of  materials  coated.  The  variable  costs  appropriate  for 
this  deposition  process  are:  cost  of  materials,  cost  of  direct  labor,  cost  of  energy. 

Cost  of  Materials  Material  costs  account  for  the  transaction  price  of  the  substrate  and 
each  coating  for  each  unit  operation.  Coating  thicknesses  and  product  rejection  rates 
also  affect  the  materials  costs. 

Cost  of  Direct  Labor  The  cost  of  direct  labor  is  a  function  of  the  wages  paid,  the  time 
required  for  each  operation,  the  number  of  laborers  associated  with  the  operation,  and 
the  productivity  of  this  labor.  Labor  wages  include  the  cost  of  benefits  to  the  laborer. 
The  costs  for  supervisors,  janitors  and  support  staff  in  general  are  accotmted  for  sepa¬ 
rately  in  overhead  labor  costs. 

Cost  of  Energy  The  major  energy  consumed  for  this  process  is  generated  from  electric 
power.  The  total  energy  consumed  in  each  imit  operation  is  calculated  from  equip- 
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ment  power  requirements  and  anticipated  power  requirements  for  deposition  equip¬ 
ment. 


3.4.1.2  Fixed  Costs 

In  contrast  to  variable  costs,  fixed  costs  are  those  which  are  dependent  on  the 
quantity  of  product  fabricated.  Each  of  these  costs  are  divided  equally  among  the 
number  of  part  or  square  feet  produced.  As  the  production  volume  increases,  the  cost 
per  piece  attributed  from  fixed  cost  elements  decreases,  although  the  fixed  cost  itself 
remains  constant.  The  fixed  costs  for  this  deposition  manufacturing  scheme  include: 
equipment  purchase  and  amortization,  auxiliary  equipment  costs,  equipment  installa¬ 
tion  costs,  maintenance  of  equipment,  fixed  overhead  labor  and  building  cost. 

Equipment  Cost  Equipment  cost  refers  to  the  cost  of  the  capital  equipment  for  each 
unit  operation.  For  the  roUcoating  equipment,  the  cost  is  estimated  via  price  quotes  for 
various  coating  equipment  dimensions,  and  is  dependent  on  the  anticipated  deposi¬ 
tion  rate.  The  equipment  investment  is  maintained  as  low  as  possible  without  under¬ 
estimating  the  expected  cost.  To  consistently  distribute  the  equipment  costs  over  the 
annual  production  volume,  the  total  investment  is  amortized  over  a  fixed  period  of 
years  using  an  appropriate  interest  rate.  The  annual  cost  is  then  divided  by  the  pro¬ 
duction  volume  to  obtain  the  cost  per  unit. 

In  estimating  the  total  investment,  the  fraction  of  utilization  or  "dedication"  of 
the  equipment  must  be  considered  to  accurately  attribute  costs  to  a  given  product  line. 
For  the  cost  analysis  in  these  deposition  system,  the  deposition  equipment  is  assumed 
to  be  fully  dedicated  to  each  product. 

Auxiliaru  Equipment  Cost  The  procedure  for  estimating  the  auxiliary  equipment  cost 
assumes  that  the  ratio  of  the  auxiliary  equipment  cost  to  the  capital  equipment  cost  is 
a  constant.  Because  this  assumption  has  been  verified  for  other  modeled  systems  in 
the  MIT  Materials  Systems  Lab,  it  is  used  for  the  equipment  in  this  deposition  system, 
because  there  are  no  other  means  for  validation  for  projected  new  technologies. 

Installation  Cost  The  installation  cost  refers  to  the  initial  cost  of  installing  the  primary 
and  auxiliary  equipment.  It  is  typically  a  percentage  of  the  primary  and  auxiliary 
equipment  costs  and  is  amortized  in  the  same  way  as  for  the  equipment  costs. 
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Fixed  Overhead  Labor  Cost  Overhead  labor  costs  differ  from  direct  labor  costs  as  noted 
previously,  since  they  are  not  directly  associated  with  the  manufacturing  process,  but 
are  required  nonetheless.  This  labor  cost  includes  salaries  for  supervisors,  managers, 
building  maintenance  and  support  staff  etc. 

Maintenance  Cost  Since  maintenance  is  often  unscheduled  and  is  done  in  response  to 
situations  as  they  develop,  an  accurate  estimation  of  the  cost  of  maintaining  capital 
equipment  would  require  a  prediction  or  forecasting  of  these  problems.  Subsequently, 
maintenance  costs  are  treated  as  a  fraction  of  tiie  capital  equipment  cost  as  a  reason¬ 
able  estimate. 

Amortization  This  is  the  interest  portion  the  annual  payment  on  the  primary  and  auxil¬ 
iary  equipment  and  installation.  The  annual  payments  are  calculated  as  an  annuity, 
using  an  appropriate  interest  rate  and  time  period. 

Building  Cost  The  cost  of  the  building  space  is  estimated  by  the  amoimt  of  space  re¬ 
quired  and  its  price  per  square  foot.  This  contribution  is  not  included  in  this  cost 
analysis. 

This  summarizes  the  various  cost  elements  of  fixed  and  variable  costs  involved 
in  the  complete  estimation  of  deposition  cost  per  unit  of  product.  To  estimate  these 
cost  elements,  the  manufacturing  process  and  production  parameters  must  be  speci¬ 
fied.  In  particular,  the  annual  production  volume,  the  deposition  rate  and  the  coating 
thickness  are  all  important  for  determining  the  number  of  lines  of  equipment  that 
must  operated  to  achieve  the  required  production.  The  specific  information  utilized  in 
this  cost  analysis  is  further  clarified  below. 

A  technical  cost  model  spreadsheet  was  developed  using  Lotus  1-2-3  software 
and  is  shown  schematically  in  Table  5.  The  model  is  set  up  in  such  a  way  that  a  user 
should  be  able  understand  how  to  generate  manufacturing  cost  results.  The  spread¬ 
sheet  cells  that  require  input  information  are  highlighted  in  the  spreadsheet,  and  are 
located  in  the  input  data  section  and  exogenous  cost  factor  section.  The  input  area  of 
the  cost  model  contains  a  host  of  input  parameters  for  each  unit  operation  which  must 
be  provided  for  accurate  cost  determinants.  The  cost  calculation  sections  for  each  unit 
operation  are  programmed  to  reflect  the  various  input  specifications.  The  cost  sum¬ 
mary  section  provides  a  breakdown  of  production  cost  by  factor  and  unit  operation. 
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3.4.1.3  Input  Data 

The  technical  information  necessary  for  calculation  is  entered  by  the  user  in  this 
region  of  the  spreadsheet.  These  include  materials,  process  and  labor  parameters,  cy¬ 
cle  times  and  equipment  costs  for  each  process  step. 


Table  5.  General  Spreadsheet  Layout  of  Technical  Cost  Model. 


Input  Data 

Exogenous  Cost 

Factors 

Deposition  Unit  Steps 

Cost  Calculations 

Cost  Summary 

Product  Geometry 

Plant  Operations 

Variable  Costs: 

Variable  Costs: 

Equipment  Parameters 

Materials  Prices 

Materials 

Materials 

Processing  Cycle  Times 

Wage  Rates 

Labor 

Labor 

Materials  Parameters 

Energy  Prices 

Energy 

Energy 

IBAD  Processing  Parame¬ 
ters 

Fixed  Costs: 

Fixed  Costs: 

Technical  Specifications 

Equipment 

Auxiliary  Equipment 

Installation 

Maintenance 

Fixed  Overhead 

Amortization  Costs 

Equipment 

Auxiliary  Equip¬ 
ment 

Installation 

Maintenance 

Fixed  Overhead 

Amortization  Costs 

Process  Based  Cost 
Breakdown 

The  first  information  that  a  user  must  enter  includes  component  or  product 
specifications,  such  as  substrate  area,  coating  thickness  and  deposition  and  substrate 
materials.  There  are  various  choices  available  for  substrate  and  deposition  materials. 
After  the  substrate  or  deposition  reference  numbers  are  selected  and  input,  the  mate¬ 
rial  price,  atomic  weight,  and  specific  gravity  automatically  appear. 

3.4.1.4  Equipment  Assumptions 

The  deposition  equipment  costs  must  be  specified,  depending  on  the  substrate 
dimensions  and  the  choice  of  a  roll  or  batch  coating  process.  The  deposition  equip¬ 
ment  for  high  voliune  manufacture  has  not  actually  been  built  to  accommodate  high 
volume  manufacturing,  but  potential  equipment  designs  have  been  explored  for 
technical  and  economic  viability.  The  equipment  follows  the  design  of  a  standard 
evaporation  roll  coater,  where  a  large  cylindrical  roll  of  substrate  (the  web)  is 
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threaded  through  a  series  of  rollers.  The  web  travels  through  the  rollers  to  expose  an 
area  of  the  substrate  to  metal  or  ceramic  evaporant  at  a  rate  (web  speed)  which  allows 
the  required  coating  thickness  to  accumulate. 


Side  View 


Figure  15.  Schematic  Sideview  of  Roll  Coating  System  -  Region  with  IB  AD  Configuration. 

The  process  is  much  the  same  for  a  batch  coating  system  set  up  to  coat  a  large 
substrate  by  moving  the  substrate  through  a  deposition  zone.  Such  is  the  case,  for  in¬ 
stance,  with  the  canopy  application  considered  in  tiiis  work.  Most  of  the  equipment 
factors  for  the  batch  coating  of  a  canopy  structure  have  almost  direct  analogs  to  the 
roll  coating  equipment  necessary  for  solar  reflectors  or  decorative  building  products. 

The  important  process  parameter  which  controls  and  limits  the  web  speed  is 
the  deposition  rate  for  the  various  coatings.  The  alumimrm  oxide  coating  requires  en¬ 
hancement  via  IBAD  processing  which  includes  the  addition  of  the  oxygen  ion 
sources  acting  in  concert  with  the  evaporators  to  achieve  adequate  coating  properties. 
Without  improved  oxygen  ion  sources,  the  aluminum  oxide  deposition  rate  would 
remain  too  low  for  high  volume  production  .  The  development  by  SAIC  of  improved 
ion  sources,  if  implemented,  would  increase  production  rates  and  throughputs.  These 
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modifications  to  standard  roll  coater  equipment  costs  are  included  in  the  input  to  the 
cost  model. 

Sideview  and  topview  schematic  diagrams  for  the  roll  coater  process  IBAD 
equipment  are  shown  in  Figure  13  and  Figure  14,  respectively.  The  sideview  shows  a 
detail  of  the  roll  coating  equipment  in  the  region  of  IBAD  processing  as  the  web 
passes  through  a  20  cm  deposition  zone,  lying  along  the  direction  of  web  travel.  The 
web  travels  past  the  evaporator  and  two  ion-assist  sources  to  complete  the  aluminum 
oxide  deposition  process.  To  accommodate  homogeneous  coating  thickness  across  the 
web  width  (fixed  at  1.067  meters  (3.5  ft)  in  this  configuration),  a  bank  of  nine  evapora¬ 
tors  with  a  bank  of  nine  ion-assist  sources  is  evenly  spaced  along  the  web  width.  Fig¬ 
ure  14  additionally  shows  the  initial  bank  of  nine  ion  soiurces  used  to  bombard  the 
web  to  clean  and  prepare  the  surface  prior  to  deposition.  This  processing  configura¬ 
tion  for  the  IBAD  equipment  is  used  throughout  this  study  to  generate  the  various 
cost  results. 


Figure  16.  Schematic  Topview  of  Roll  Coating  System  -  Region  with  IBAD  Configuration 
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For  Single  Stage  Deposition: 

Quantity 

Cost/Unit 

Equipment 

Cost 

Evaporator/Controller 

9 

$225,000 

Deposition  Arc  Cathode  Ion 

18 

$540,000 

Source /Controller 

Bombard  Arc  Cathode  Ion 

9 

$30,000 

$270,000 

Source/Controller 

Deposition  Chamber 

1 

$50,000 

$50,000 

Instrumentation 

1 

$100,000 

$100,000 

Water  Cooling 

1 

$50,000 

$50,000 

Cold  Trap  Diffusion  Vacuum  Pumps 

6 

$64,000 

$384,000 

Roots  Roughing  Pump 

1 

$40,300 

$40,300 

TOTAL 

$1,659,300 

For  Double  Stage  Deposition: 

Quantity 

Cost/Unit 

Equipment 

Cost 

Evaporator/Controller 

9 

$225,000 

Deposition  Arc  Cathode  Ion 

18 

$540,000 

Source/  Controller 

Bombard  Arc  Cathode  Ion 

9 

$270,000 

Source/  Controller 

Additional  Deposition  Chamber  Size 

1 

$50,000 

TOTAL 

$1,085,000 

TOTAL  FOR  BOTH  STAGES  USED: 

$2,744,300 

Table  6.  Canopy  Processing  Equipment  -  Breakdown  of  Parts  with  Estimated  Price  List. 


In  addition  to  this  configuration,  a  two-stage  deposition  system  was  investi¬ 
gated  to  determine  the  trade-offs  of  increased  capital  equipment  cost  versus  shorter 
processing  throughput  time.  The  decrease  in  deposition  cycle  time  may  offset  the  in¬ 
creased  initial  investment.  The  equipment  cost  assumptions  are  shown  in  Table  6  for 
single  and  double  stage  deposition  systems.  For  solar  reflector  materials,  additional 
metallization  equipment  costs  are  added  to  this  list  to  generate  capital  equipment 
costs  for  that  deposition  system.  Similar  costs  might  need  to  be  added  in  the  case  of 
canopies  if  special  purpose  coatings  were  to  be  integrated  into  the  IBAD  process  to 
meet  multifunction  performance  requirements. 

3. 4.1. 5  Processing  Cycle  Time  Parameters 

The  next  input  area  in  the  spreadsheet  addresses  the  total  amount  of  time  for 
batch  processing  deposition  of  the  substrate.  There  are  four  general  phases  reqmred 
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to  complete  one  batch  of  coated  material.  These  include  pre-coating,  deposition,  after¬ 
coating  and  re-charging.  Each  of  these  times  are  input  to  determine  the  total  cycle 
time.  The  pre-coating  period  requires  time  for  a  number  of  start-up  activities  which 
include  time  to  evacuate  the  pressure  chamber,  cool  the  coating  drum,  accelerate  the 
web  to  processing  speed,  and  begin  deposition.  The  actual  time  for  deposition  is  cal¬ 
culated  using  other  parameter  specified  by  the  user  of  the  model,  or  it  can  be  over¬ 
ridden  with  another  input.  After  deposition  has  finished,  the  evaporants  are 
deactivated,  the  winding  mechanisms  are  stopped,  the  coating  drum  is  reheated  to 
ambient  temperature  and  the  chamber  is  vented  to  atmosphere.  During  the  re¬ 
charging  period,  the  chamber  is  opened  and  the  coated  roll  is  removed.  The  chamber 
is  cleaned  and  checked  during  routine  maintenance  before  a  new  roll  is  loaded,  and 
finally  the  chamber  is  closed.  The  total  time  between  the  end  of  deposition  processing 
and  the  restart  of  deposition  is  input  in  the  model  as  approximately  one  hour.  This  is 
only  a  small  fraction  of  the  time  required  for  deposition,  which  depends  on  the  length 
of  the  roll,  the  input  deposition  rate  and  the  coating  thickness. 

3. 4.1. 6  Materials  Parameters 

The  materials  required  for  the  desired  layered  structure  are  initially  specified 
by  the  user.  For  the  aircraft  canopy  application,  only  the  aluminum  oxide  coating 
material  is  needed  with  an  assumed  commodity  price  of  about  $50  per  pound.  For  the 
solar  reflector  application,  copper  (at  $2.50  per  pound)  and  silver  (at  $200  per  pound) 
metallic  layers  are  specified  in  addition  to  the  aluminum  oxide.  The  total  materials 
costs  are  calculated  according  to  the  thickness  and  density  of  each  coating,  as  well  as 
the  specified  production  volume,  including  a  percentage  of  scrap. 

The  other  materials  utilized  for  this  process  include  various  gases  .  The  ion 
sources  require  argon  gas  at  $2.62  per  cubic  meter  for  the  bombardment  during  sur¬ 
face,  and  the  ion-assist  sources  require  oxygen  at  $1.38  per  cubic  meter.  The  volume  of 
gas  used  during  processing,  and  hence  the  cost,  is  calculated  depending  on  the  speci¬ 
fied  gas  flow  rate  and  on  the  specified  annual  production  volume.  The  recirculating 
water  and  other  incidental  materials,  e.g.,  pump  oil,  have  not  been  included,  and  are 
considered  incidental  to  changes  in  the  manufacturing  cost. 

The  substrate  materials  cost  for  the  polycarbonate  canopy  is  not  included  in 
this  analysis,  and  therefore  the  cost  of  reworking,  scrapping  or  destroying  the  high 
value  canopy  substrate  through  IBAD  processing  is  not  accounted  for.  The  cost 
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analysis  is  meant  only  to  suggest  the  additional  coat  of  the  coating.  In  the  case  of  the 
solar  reflector  materials,  the  PET  substrate  cost,  although  minimal  at  $0.03  per  square 
foot,  is  included  in  the  manufacturing  cost. 

The  variable  and  calculated  operating  parameters  for  the  evaporators  and  ion 
sources  used  for  deposition  processing  are  displayed  in  Table  7.  The  IBAD  deposition 
rate  can  be  changed  here  to  explore  its  impact  on  product  cost.  The  variable  input  pa¬ 
rameters,  shown  in  bold,  are  used  to  calculate  the  total  ion  current  and  total  ion  power 
at  the  film  surface,  as  well  as  to  determine  the  total  actual  power  used  by  each  ion 
gun.  These  calculated  values  are  shown  in  the  table  below  for  the  variable  input  and 
the  equipment  design  shown  in  Figure  13  and  Figure  14,  using  a  single  stage  deposi¬ 
tion  operation.  The  only  operating  parameter  required  for  the  evaporator  is  its  trans¬ 
fer  efficiency,  which  is  a  measure  of  the  percentage  of  material  that  is  transferred  from 
the  evaporator  melt  to  the  substrate  surface.  The  25%  transfer  efficiency  implies  that 
75%  of  the  evaporant  material  is  ineffectively  deposited  elsewhere  in  the  chamber. 
The  transfer  efficiency  is  included  as  an  input  variable,  although  a  value  could  be  cal¬ 
culated.  The  power  requirements  for  the  equipment  must  also  be  specified  in  the 
model  to  allow  calculation  of  total  energy  requirements  for  the  deposition  process. 

The  labor  required  for  operation  of  each  line  of  deposition  equipment  is  set  in 
this  model  at  two  hourly  workers,  each  spending  50%  of  their  time  on  line  during  the 
processing  cycle.  The  manpower  could  be  reduced  if  it  is  possible  to  utilize  one 
worker  to  monitor  more  than  one  line  of  equipment  during  the  lengthy  deposition 
period,  but  this  is  not  assumed  in  this  analysis. 
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IBAD  Process  Parameter 

Value 

Units 

• 

IBAD  Deposition  Rate  of  AI2O3 

60 

nm/s 

Ion  Energy  Flux  at  Film  Surface 

60 

eV  /  atom  in 
film 

Ion  Energy  at  Film  Surface 

500 

eV  /  ion 

• 

Ion  Acceleration  Voltage  Energy 

500 

Volts 

Ion  Gun  Exposure  Factor 

1.4 

(dimensionless 

) 

• 

Density  of  Film 

70% 

of  theoretical 

Expected  Density  of  Film 

2.73 

g/cm3 

Molecular  Weight  of  Coating 

102 

g/mole 

Number  Atoms/  unit  time  -  unit 

4.834  X  10-17 

atoms /s-cm3 

• 

area 

Ion  Current  Density  at  Substrate 

9.281  X  10-3 

Amps/ cm2 

Total  Required  Ion  Current 

42.25 

Amps 

• 

Total  Required  Ion  Power  (at  sur¬ 
faces) 

21,124.06 

Watts 

Ion  Source  Electrical  Efficiency 

20% 

Arc  Cathode  Beam  Current/Gun 

2.35 

Amps 

• 

Arc  Cathode  Source  Current/ Gun 

1 

9.39 

Amps 

Total  Power  Used  by  Each  Ion  Gun 

5867.8 

Watts 

Ion  Cathode  Energy  Used  per 

Bomb  Gun 

3.26 

kWhr/Bomb 

Gun 

• 

Ion  Cathode  Energy  Used  per  Depo 
Gun 

3.26 

kWhr/Depo 

Gun 

Evaporator  Transfer  Efficiency 

25% 

•  Table  7.  IBAD  Processing  Parameters  for  One-Stage  Deposition  with  Equipment. 


Exogenous  cost  factors  used  in  the  IBAD  deposition  processing  model  are  dis¬ 
played  in  Table  8.  All  manufacturing  cost  estimates  are  based  on  a  standard  working 
period  of  260  days,  with  two  shifts  of  eight  hours  each.  It  is  assumed  that  the  loan  for 
equipment  costs  is  amortized  at  15%  over  a  period  of  five  years.  Installation  costs  are 
assumed  to  be  15%  of  the  total  equipment  investment,  and  maintenance  costs  are  as- 
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sumed  as  5%  of  the  total  equipment  investment.  The  wage  rate  is  set  at  $35  per  hour 
and  the  price  of  electric  power  is  assumed  to  be  $0.10  per  kilowatt-hour.  The  fixed 
overhead  is  assumed  at  35%  of  the  total  investment  (including  maintenance  costs)  per 
year.  Each  of  these  input  factors  can  be  changed  by  the  user. 


Input 

Value 

Units  or  Base 

Operating  Days  Per  Year 

260 

days /year 

Shifts  per  Day 

2 

shifts /day 

Hours  per  Shift 

8 

hr/shift 

Capital  Recovery  Rate 

15% 

per  year 

Capital  Recovery  Period 

5 

years 

Direct  Labor  Wage 

$35.00 

per  hour 

Electricity  Price 

$0.10 

per  kilowatt-hour 

Unscheduled  Downtime 

0% 

Variable  Overhead  Cost 

0% 

Auxiliary  Equipment  Cost 

5% 

of  Capital  Equipment 

Installation  Cost  of  All  Equipment 

15% 

of  Capital  &  Auxiliary 

Maintenance  Cost 

5% 

of  Capital  &  Auxiliary 

Fixed  Overhead  Cost 

35% 

of  Fixed  Cost 

Table  8.  Exogenous  Cost  Factor  Inputs  Used  in  the  IBAD  Deposition  Processing  Model. 


3.4.2  Batch  Coating  Modeling  Projection:  IBAD  Processing  of  Canopies 

The  total  cost  associated  with  IBAD  deposition  is  composed  of  material,  capital, 
labor  and  energy  costs.  The  factor  based  cost  components  were  calculated  for  a  one 
stage  deposition  process,  assiuning  a  production  volume  of  2674  coated  canopies  each 
with  an  assumed  area  of  9.75  m^,  with  a  AI2O3  ceramic  coating  thickness  of  4  pm,  at  a 
deposition  rate  of  60  nm/ sec.  Again,  the  equipment  design  used  in  the  model  is  based 
on  roll  coating  applications,  and  is  used  as  a  first  estimate  of  the  manufacturing  costs. 
Under  these  assumptions  and  using  one  line  of  equipment  at  full  capacity  with  no 
downtime  and  no  scraped  substrates,  the  total  cost  for  coating  each  canopy  is  $468 
($48/m2  or  $4.45/ft2). 
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Figure  17.  Economies  of  Scale  for  Coated  Canopies  at  Different  Deposition  Rates. 

The  capital  cost,  which  includes  primary  and  auxiliary  equipment,  installation, 
maintenance,  and  fixed  overhead,  is  the  major  contributor  to  the  coated  substrate 
costs,  accounting  for  almost  70%  of  the  total  cost  at  maximum  production  volume. 
Since  this  process  is  so  highly  capital  intensive,  high  utilization  of  the  deposition  line 
is  essential  to  reduce  cost  per  coated  unit  area.  At  an  equipment  utilization  of  50%, 
producing  1337  canopies,  the  fixed  cost  accounts  for  82%  of  the  manufactioring  cost. 
Larger  production  volumes  achieve  higher  economies  of  scale  by  spreading  the  fixed 
costs  over  more  manufactured  goods.  As  the  production  volume  increases,  capital 
equipment  costs  per  unit  drop,  and  corrsequently  the  total  cost  for  coating  each  canopy 
decreases  as  shown  in  Figure  15.  The  increase  in  costs  for  a  slower  IBAD  deposition 
rate  is  also  shown. 

For  the  assumptions  given,  the  cost  of  labor  is  substantial,  accounting  for  23.3% 
of  the  total  cost,  because  essentially  one  technician  is  using  all  available  work  time  to 
produce  coatings  and  monitor  the  equipment.  A  fraction  of  that  labor  time  would  be 
required  if  automated  equipment  can  be  used  to  monitor  the  deposition  process.  The 
energy  costs  reflect  the  electric  power  used  for  the  ion  sources.  At  5.9%,  this  contribu¬ 
tion  is  not  tmexpected.  The  material  cost  for  this  deposition  process  is  very  low  (1%) 
due  to  the  small  volumes  of  gases  and  minimal  coating  thickness,  and  it  does  not  in¬ 
clude  the  substrate  cost. 
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Figure  18.  Effect  of  Equipment  Design  on  Manufacturing  Cost. 

In  addition  to  understanding  the  cost  contributions  for  a  specific  set  of  process¬ 
ing  conditions,  other  processing  variables  can  be  systematically  changed  while  hold¬ 
ing  the  other  parameters  constant  to  explore  their  effect  on  manufacturing  costs.  The 
IBAD  deposition  rate  is  a  major  contributor  to  costs,  because  slow  deposition  rates  or 
cycles  times  give  lower  rates  of  throughput.  In  order  to  realize  the  equipment  design 
factors  affecting  throughput,  the  single  stage  and  double  stage  deposition  designs  are 
compared  as  a  function  of  deposition  rate  in  Figure  16. 

As  expected  both  curves  show  a  decrease  in  cost  per  unit  area  with  increasing 
deposition  rates.  These  results  assume  a  4nm  coating  on  polycarbonate  canopies  with 
area  9.75  m^  (105  ft^)  using  one  line  of  eqmpment  at  maximum  capacity  with  no 
downtime,  and  100%  yield.  As  the  deposition  rate  increases,  the  production  volume  is 
not  constant  along  each  curve.  The  maximum  number  of  coated  canopies  is  given  for 
deposition  rates  of  50  and  150  nm/s.  As  the  cycle  time  increases,  more  substrates  can 
be  coated,  which  decreases  the  fixed  costs  per  canopy  by  spreading  them  over  the 
higher  output.  Comparison  of  single  stage  and  double  stage  equipment  curves  shows 
that  the  double  stage  remains  at  a  greater  cost/ ft^  for  the  entire  deposition  range,  al¬ 
though  at  very  low  deposition  rates  the  double  stage  equipment  is  less  expensive  than 
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the  single  stage.  This  cross  over  occurs  at  about  20  nm/ s.  At  50  run/ s,  the  cost  differ¬ 
ential  is  about  $0.50/ft2  due  to  increased  capital  costs  of  the  two-stage  equipment,  but 
the  production  capacity  of  the  two  stage  equipment  is  higher. 

10 

8 

6 

Amps/Gun 

4 


2 

0 

0  100  200  300  400 

$4.00 

$3.00 

Cost/Sq  Ft  $2.00 


$1.00 

$0.00 

0  100  200  300  400 

Deposition  Rate  (nm/sec) 


Figure  19.  Current  per  Ion  Gun  and  Cost  per  Area  as  a  Function  of  Deposition  Rate. 

The  deposition  rate  range  explored  in  Figure  16  extends  from  currently  achiev- 
®  able  rates  (below  10  nm/s)  to  rates  that  are  beyond  the  capability  of  the  new  cathode 

technology.  In  Figure  17,  the  feasible  regions  of  IBAD  deposition  rates  for  single  and 
double  stage  eqtripment  are  shown  graphically  from  ion  gun  current  limitations.  The 
upper  portion  of  this  graph  indicates  the  increase  in  ion  gun  current  with  deposition 
^  rate  for  one  and  two  stage  equipment.  Each  cathode  is  limited  to  a  current  below 

3  Amps,  hence  deposition  rates  where  the  current  becomes  greater  than  3  Amps  are 
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lanachievable,  as  indicated  by  the  dotted  lines.  The  lower  portion  of  Figure  19  is  a  reit¬ 
eration  of  Figure  18  with  the  regions  of  feasible  deposition  rates  indicated  by  solid 
curves.  For  deposition  rates  using  single  stage  equipment,  coating  is  infeasible  above 
143nm/s  and  for  double  stage  equipment,  coating  becomes  infeasible  above 
286.3  nm/s. 


A  comparison  of  the  economies  of  scale  are  shown  for  various  deposition  rates 
in  Figure  20.  Again,  these  results  assume  a  4pm  coating  on  polycarbonate  canopies 
with  area  9.75  m^  (105  ft^)  using  one  line  of  equipment  at  maximum  capacity  with  no 
downtime,  and  100%  yield.  For  each  of  the  four  deposition  rates  2,  6,  60  and 
100  nm/sec,  the  two-stage  equipment  incurs  a  higher  manufacturing  cost  for  a  given 
production  volume.  The  maximum  annual  production  capacities  for  the  one-stage 
equipment  are  shown  in  the  graph  in  MSF,  and  translate  to  236,  634,  2674  and  3120 
total  canopies  for  deposition  rates  of  2,  6, 60  and  100  nm/ sec,  respectively. 


20A/s  DEPOSmON  RATE  DEPOSITION  RATE 


eOOAfe  DEPOSITION  RATE 


lOOOA/s  DEPOSmON  RATE 


Figure  20.  Economies  of  scale  vs.  deposition  rate  for  canopies. 


Science  Applications 
International  Corporation 


Final  Report 
Contract  No.  MDA972-93-C^0022 


3.4.3  Economic  Analysis  for  Coated  Solar  Reflector  Materials 

The  same  technical  cost  model  is  used  to  simulate  the  deposition  costs  for 
manufacturing  solar  reflector  films  which  generally  require  a  larger  area  product  than 
the  canopy.  For  this  analysis,  a  web  width  of  1.07  meters  (3.5  ft)  is  maintained,  with  a 
web  length  of  about  730  m  (2400  ft).  With  all  other  parameters  and  assumptions  unal¬ 
tered,  this  change  has  a  major  effect  on  the  cycle  time  per  batch.  The  simulation  at  this 
point  does  not  include  the  metallic  evaporant  coating  as  part  of  the  manufacturing 
cost. 


Recall  in  Figure  19,  the  feasible  regions  of  IBAD  deposition  rates  for  1-  and  2- 
stage  equipment  shown  graphically  from  ion  gun  current  limitations  with  the  una¬ 
chievable  deposition  rates  shown  by  dotted  lines.  The  two  stage  curve  remams  at  a 
greater  cost  per  area  for  the  most  of  the  deposition  range,  but  at  deposition  rates  less 
than  25  nm/sec,  two  stage  is  less  expensive.  This  implies  that  the  two  stage  equipment 
could  be  cost  effective  for  higher  production  volumes  for  a  critical  substrate  roll 
length  at  a  given  deposition  rate.  This  occurs  because  the  percentage  of  cycle  time 
dedicated  to  actual  coating  is  increased,  rather  than  breaking  chamber  vacuum  and  re¬ 
charging.  Under  single  stage  conditions,  5.9  x  10^  m^  (0.64  MSF)  of  coated  material 
can  be  produced  for  less  than  $13.75/m2  ($1.28/ft2),  if  deposition  rates  of  50  nm/sec 
can  be  achieved. 

As  the  deposition  rate  and  concurrently  the  production  volume  increase,  the 
cross  over  point  becomes  apparent  in  Figure  21.  These  results  assume  a  4-pm  coating 
on  a  PET  substrate  with  area  780  m^  (8400  ft^)  using  one  line  of  equipment  at  maxi¬ 
mum  capacity  with  no  downtime,  and  100%  yield.  For  three  of  the  deposition  rates  2, 
6,  and  60  nm/ sec,  the  two-stage  equipment  inciurs  a  higher  manufacturing  cost  for  a 
given  production  volume.  However  for  the  100  nm/ sec  rate,  two  stage  equipment  be¬ 
comes  more  cost  effective.  The  maximum  annual  production  capacities  for  the  one- 
stage  equipment  in  the  graph  although  substantial  in  MSF,  are  rather  limited  in  the 
number  of  webs  processed.  For  the  single  stage  deposition  rates  of  2,  6,  60  and 
100  nm/sec,  the  number  of  webs  coated  is  3, 9,  91  and  150,  respectively.  If  the  number 
of  shifts  is  increased  to  allow  24  hour  production,  the  production  volximes  and  the 
equipment  utilization  would  increase,  and  the  cost  per  unit  area  in  turn  would  drop. 

A  modified  version  of  this  technical  cost  model  is  used  to  simulate  the  deposi¬ 
tion  costs  for  manufacturing  solar  reflector  films  with  metallic  layers  as  well  as  the 
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protective  alumina  coating,  as  shown  in  Figure  22.  This  configuration  is  represented 
in  text  form  as  AI2O3/ Ag/ Cu/  PET.  The  manufacturing  cost  per  square  foot  is  as¬ 
sessed  for  this  scenario  based  on  varying  thicknesses  of  the  aluminum  oxide  coating, 
and  changes  in  the  IBAD  deposition  rate.  The  substrate  cost,  though  mmimal  is  in¬ 
cluded  in  these  assumptions. 


20A's  DEPOSmON  RATE 


eoAfe  DEPOSITION  RATE 


6ooA^  deposition  rate 


lOOOAfe  DEPOSITION  RATE 


Figure  21.  Economies  of  Scale  versus  Deposition  Rate  for  Solar  Reflectors. 

The  cost  results  in  Figure  21  are  generated  for  an  annual  production  of  ap¬ 
proximately  1 MSF  (9.3  X  10^  m^)  of  a  solar  reflector  material,  which  consists  of  a  PET 
substrate  coated  with  40  run  copper  layer,  then  coated  with  70  nm  silver,  followed  by 
the  protective  aliunina  of  varying  thicknesses.  One  line  of  equipment  is  in  use  with 
single  stage  deposition  at  maximum  capacity  with  no  downtime,  and  100%  yield.  As 
the  alumina  coating  thickness  decreases  from  5  pm  to  1  pm,  the  cost  per  unit  area  de¬ 
creases  as  expected  since  a  reduced  amount  of  material  is  used.  As  each  curve  ap¬ 
proaches  lower  deposition  rates,  it  ends  abruptly,  indicating  that  further  decreases  to 
the  deposition  rates  would  require  introduction  of  another  line  of  equipment.  At  5  pm 
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thickness,  the  rate  must  exceed  60  nm/sec  to  maintain  a  single  line,  while  for  a  1  vun 
coating,  rates  as  low  as  20  nm/ sec  can  stiU  accommodate  a  single  line.  A  second  phe¬ 
nomena  occurs  as  each  curve  approaches  lower  deposition  rates.  The  capacity  utilized 
decreases  with  increasing  deposition  rates,  since  each  curve  represents  a  constant  an¬ 
nual  production  of  9.3  x  10'^  m^  (1  MSF).  As  the  deposition  rate  increases,  it  requires 
less  time  to  finish  the  production  cycle,  and  the  equipment  lies  idle.  The  cost  of 
$9.60/m2  ($0.89/ft2)  at  a  deposition  rate  of  60  nm/sec  for  9.3  x  10^  m^  (1  MSF)  of 
coated  material  with  a  1  pm  coating  actually  reflects  the  price  of  imderutilization.  If 
the  maximum  production  capacity  of  the  equipment  is  achieved,  the  increased  pro¬ 
duction  volume  of  4.6  x  10^  m^  (5  MSF)  reduces  the  cost  to  $3.75/ m^  ($0.35/ ft^). 


70nm  Ag— ^ 

PET  SUBSTRATE - - 

Figure  22.  Solar  Reflector  Film  Layer  Structure. 


-l-b  pm  AI2U3 
-40  nm  Cu 


Ainual  Production  of  1  MSF 


Figure  23.  Cost  per  Area  versus  Deposition  Rate  for  Solar  Reflector  Material  (1  MSF). 
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When  more  than  one  line  of  equipment  is  available,  higher  production  volumes 
can  be  achieved  for  this  set  of  assumptions.  The  manufacturing  cost  per  unit  area  now 
assessed  for  production  volumes  of  4.6  x  10^  m^  (5  MSF)  based  on  varying  thicknesses 
of  the  aluminum  oxide  coating,  and  changes  in  the  IBAD  deposition  rate.  One  line  of 
equipment  is  in  use  with  single  stage  deposition  at  maximum  capacity  with  no  down¬ 
time,  and  100%  yield. 

With  reduced  coating  thickness,  the  manufacturing  cost  decreases,  showing  the 
same  trend  as  found  in  Figure  23.  The  curves  in  Figiure  24,  however,  show  disconti¬ 
nuities,  which  increase  the  cost  per  unit  area  in  small  jumps  as  the  deposition  rate  de¬ 
creases.  These  jumps  in  cost  indicate  that  another  line  of  equipment  is  required  and  is 
implemented  by  the  model  to  achieve  the  desired  production  volume.  The  disconti¬ 
nuity  shows  the  difference  in  cost  between  100%  utilization  at  the  lower  cost  side  of 
the  jump  versus  a  much  lower  initial  utilization  for  an  additional  equipment  line  at  a 
constant  production  volume. 


Figure  24.  Cost  per  Area  versus  Deposition  Rate  for  Solar  Reflector  Material  (5  MSF). 
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The  curve  for  1  nm  coating  thickness  requires  only  one  line  at  high  deposition 
rates  (70-100  nm/sec),  and  at  speeds  lower  than  60nm/sec  a  second  line  is  needed. 
For  the  2  pm  coating,  two  lines  are  necessary  at  high  rates,  and  a  third  is  needed  be¬ 
low  60  nm/sec.  The  3  and  4  pm  coatings  require  three  lines  of  equipment  at  high 
deposition  rates,  and  the  5  pm  coating  uses  four  deposition  lines  at  annual  volumes  of 
4.6  X  105  m2  (5  MSF). 

3.4.4  Summary  &  Conclusions 

A  technical  cost  model  has  been  developed  to  simulate  the  manufacturing  costs 
for  an  IBAD  deposition  system,  implemented  with  a  new  cathode  technology.  The 
deposition  of  aluminum  oxide  ceramic  coating  is  explored  for  two  equipment  scenar¬ 
ios  under  various  operating  conditions.  The  important  variables  which  particularly 
affect  the  cost  of  the  coated  products  include  the  IBAD  deposition  rate,  the  thickness 
of  the  ceramic  coating,  and  the  desired  annual  production  volume.  The  assiunptions 
behind  these  cost  analyses  are  meant  to  reflect  expected  processing  conditions  for  high 
volume  production  scenarios.  The  ranges  of  production  volumes  are  suggested  from 
discussions  with  potential  customers  for  the  technology.  The  coating  thicknesses  and 
deposition  rates  addressed  in  the  cost  analysis  are  imder  direct  investigation  on  tire 
technical  side.  The  economic  information  generated  here  will  be  used  in  concert  with 
the  scientific  results  of  film  properties  to  indicate  the  most  promising  layered  configu¬ 
rations,  which  warrant  further  consideration  for  technological  development. 

Applications  for  both  military  and  commercial  end  use  are  explored,  specifi¬ 
cally  for  coated  polycarbonate  aircraft  canopies  and  ceramic  coated  solar  reflector 
materials.  The  main  objective  in  both  economic  analyses  is  to  identify  the  processing 
conditions  which  minimize  the  manufacturing  costs.  The  potential  manufacturing 
process  is  based  on  adaptation  of  standard  roll  coating  equipment.  This  allows  calcu¬ 
lation  of  a  series  of  first  order  cost  estimates  for  both  applications  under  consideration. 

A  cost  breakdown  of  materials,  labor,  energy,  and  capital  indicates  that  based 
on  the  given  assumptions  this  process  is  highly  capital  and  labor  intensive.  High 
utilization  of  the  equipment  is  essential  to  the  economic  viability  of  this  technology. 
Feasible  implementation  may  also  require  additional  automation  to  reduce  the  labor 
costs.  Single  stage  and  double  stage  IBAD  deposition  equipment  schemes  show  that 
for  canopies,  the  single  stage  manufacturing  costs  are  lower  at  most  deposition  rates. 
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while  for  solar  reflector,  double  stage  manufacturing  could  be  economically  feasible 
under  certain  conditions. 

A  cost  analysis  for  canopies  is  presented  where  each  canopy  has  an  assumed 
area  of  9.75  m^  (105  ft^),  with  a  AI2O3  ceramic  coating  thickness  of  4  nm,  using  one 
line  of  equipment  at  full  capacity  with  no  downtime,  and  no  scrapped  substrates.  If 
the  deposition  rates  are  able  to  achieve  60  nm/ sec,  the  cost  to  coat  each  of  500  cano¬ 
pies  would  be  around  $2000  per  \mit.  For  low  deposition  rates  of  2nm/sec,  the  cost 
rises  to  about  $3000  per  canopy.  Since  high  production  volumes  of  canopies  are  re¬ 
quired  to  achieve  lower  cost  however,  this  technology  while  perhaps  technically  su¬ 
perior,  might  not  prove  economically  viable  for  aircraft  canopy,  due  to  low  fleet 
demands  and  the  high  specificity  of  other  coating  requirements  for  different  aircraft 
canopies.  The  question  remains  as  to  whether  investors  or  government  agencies  are 
willing  to  pay  an  additional  cost  to  coat  aircraft  canopies  for  enhanced  performance 
and  lifetime. 

A  cost  analysis  for  solar  reflector  layered  structures  which  include  metallic  in¬ 
terlayers  of  40  nm  copper  and  70  nm  silver  on  a  PET  substrate  is  presented  for  larger 
web  areas  of  780  m^  (8400  ft^).  Using  one  line  of  single  stage  equipment  at  maximum 
capacity  with  no  downtime  and  100%  yield,  only  the  manxifacturing  cost  of  the  1  pm 
ceramic  coating  thickness  falls  below  the  desired  $11 /m?-  ($l/ft2)  goal  at  deposition 
rates  greater  than  60  nm/sec.  At  higher  annual  production  volumes  of  4.6  x  10^  m^  (5 
MSF),  the  cost  of  1  pm  coated  materials  is  reduced  to  $3.75/ m^  ($0.35/ ft^)  for  rates 
greater  than  60  nm/sec.  If  the  1  pm  and  2  pm  coated  reflector  materials  prove  techni¬ 
cally  superior  than  its  competition,  the  economic  analysis  indicates  significant  incen¬ 
tive  for  investment  in  the  development  of  high  volume  production. 


Science  Applications 
International  Corporation 


Final  Report 
Contract  No.  MDA972-93-C-0022 


4.  Summary  of  Conclusions  and  Recommendations 

The  IBAD  alumina  deposition  process  that  was  the  focus  of  this  project  was 
successfully  used  to  coat  a  variety  of  substrate  materials  and  configurations.  The 
IBAD  coatings  were  demonstrated  to  be  abrasion  resistant,  resistant  to  chemical  at¬ 
tack,  highly  transparent,  and  well  adhered  to  most  every  substrate  that  was  attempted 
in  the  course  of  our  two  year  effort.  Unfortunately,  the  combination  of  requirements 
for  impact  resistance,  rain  erosion  resistance,  and  abrasion  resistance  was  found  to  be 
beyond  the  capabilities  of  the  simple  system  of  the  IBAD  alumina  coating  applied  di¬ 
rectly  on  polycarbonate.  While  the  strain-to-failure  ratio  of  the  IBAD  alumina  coating 
at  0.5%  is  large,  it  was  insufficient  to  prevent  cracking  under  the  large  flexures  of  the 
relatively  soft  polycarbonate  substrate.  This  issue  of  a  hard  coating  on  a  too-soft  sub¬ 
strate  was  exacerbated  for  the  case  of  the  IBAD  alumina  on  the  even  softer  fluoroelas- 
tomeric  coating  on  an  F-16  radome. 

The  IBAD  alumina  coating  does  present  an  opportunity  for  increasing  the 
abrasion  resistance  of  already  moderately  hard  substrates,  and  this  presents  a  possible 
solution  path  to  the  application  of  the  IBAD  alumina  process  on  softer  material  sub¬ 
strates.  When  applied  to  the  glass  used  for  standard  microscope  slides,  the  IBAD 
alumina  coating  increased  the  surface  hardness  significantly  —  in  some  cases  to 
within  half  that  of  single  crystal  sapphire.  It  was  also  noted  that  the  critical  load  to 
failure  for  the  on-glass  samples  was  ten  to  fifteen  times  higher  than  that  for  the  on- 
polycarbonate  samples.  This  suggests  the  possible  application  of  the  IBAD  alumina 
coatings  to  improving  the  abrasion  performance  of  already  tough  substrates,  such  as 
glass  windshield  for  automobiles.  Moreover,  it  suggests  that  the  application  of  the 
IBAD  alumina  coatings  to  softer  substrate  materials  might  be  better  achieved  by 
gradually  building  up  the  hardness  of  the  substrate  in  a  vertically  integrated,  multi¬ 
layer  "stack." 

The  necessary  data  for  the  scale  up  of  the  ion  source  performance  was  finally 
achieved  in  late  1995.  Discovery  during  the  coupon  preparation  and  testing  work  had 
made  some  elements  of  the  ion  source  development  unnecessary:  the  maximum 
deposition  rate  target  shifted  from  3000  A/s  to  600  A/s.  The  necessary  ion  assist  en¬ 
ergy  to  achieve  good  coating  performance  was  noted  to  span  the  range  of  '-lO- 
100  eV/atom  depending  on  the  substrate  material,  which  also  gave  some  lattitude  to 
the  ion  source  development  effort.  The  ion  source  capability  that  is  now  latently  avail- 
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able  as  a  result  of  this  project  represents  a  several  order  of  magnitude  increase  in  the 
state  of  the  art  for  oxygen  plasma  sources  and  oxygen  ion  sources.  We  are  already  en¬ 
gaged  in  other  projects  that  may  see  the  widespread  use  of  oxygen  plasma  sources  by 
themselves  as  efficient,  effective  cleaning  agents  with  minimal  environmental  side  ef¬ 
fects. 


The  IBAD  alumina  coating  technology  has  not  successfully  transitioned  to  a 
DOD  project  during  the  course  of  this  effort.  The  technology  has,  however,  found 
strong  success  in  its  application  to  the  wear  protection  of  solar  reflectors  for  NREL 
and  the  DOE.  The  cost  modelling  efforts  by  SAIC  and  MIT,  and  accelerated  lifetime 
measurements  by  NREL  indicate  that  IBAD  alumina  treated  solar  reflector  materials 
may  be  a  solar  power  "Holy  Grail":  an  effective  solar  reflector  with  greater  tiaan  30- 
year  field  life  and  a  per-unit  cost  of  less  than  $l/h\  The  development  efforts  planned 
by  NREL  should  at  the  least  ensure  the  continued  development  and  maturation  of  this 
technology  for  future  use  by  the  DOD. 
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Introduction 


The  potential  exists  to  reduce  the  volume  and  toxicity  of  wastes  generated  by  the  DoD  and  the 
government  at  large  through  the  use  of  advanced  coatings.  These  coatings  are  more  wear 
resistant,  more  easily  cleaned  and  maintained,  and  hence  less  environmentally  threatening  than 
processes  currently  in  use.  One  coating  process  under  consideration,  IBAD,  is  extremely  energy 
efficient  and  has  been  shown  to  be  capable  of  depositing  a  wide  variety  of  thin-film  materials  on  a 
wide  variety  of  substrates. 

A  combined  team  proposal  was  accepted  by  ARPA  from  SAIC  to  demonstrate  the  viability  of 
aluminum  oxide  films  and  the  deposition  process  for  large-scale  applications  to  systems  of  DoD 
interest.  The  proof-of-concept  demonstration  for  this  work  has  been  adapted  from  the  application 
of  a  wear  resistant,  antistatic  coating  on  the  substrate  of  the  F-16  aircraft  radome,  to  that  of  a 
wear  resistant  optically  clear  coating  on  polycarbonate  aircraft  canopy  substrates.  In  addition, 
commercial  applications  have  been  investigated,  which  show  high  potential  for  use  in  optically 
clear  protective  coatings  for  solar  reflector  materials. 

The  original  intent  of  the  proposed  work  at  MIT  was  to  study  the  economic  and  environmental 
issues  associated  with  the  manufacture,  use  and  disposal  of  fluoro-elastomer  coatings  used  to 
protect  the  F-16  radome.  The  focus  of  this  task  has  been  changed  to  modeling  the  economic  and 
technical  factors  which  affect  the  production  of  ceramic  coated  products  for  systems  in  an 
environmentally  beneficial  manner. 

This  project  encompasses  the  economic  modeling  of  various  deposition  systems  under 
development  by  SAIC:  coating  a)  polycarbonate  aircraft  canopies,  which  would  reduce  landfill 
volumes  in  the  future,  and  b)  solar  reflector  materials,  which  would  enhance  the  use  of  renewable 
energy.  Models  of  materials  production  technologies  have  proven  to  be  powerful  tools  for 
evaluating  alternative  materials,  processes  and  manufacturing  technologies. 
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Revised  Problem  Statement _ _ 

Investors  and  venture  capitalists  need  to  evaluate  the  economics  of  manufacturing  before  any  new 
technology  can  be  successfully  brought  to  market.  In  areas  of  technological  change,  investors 
cannot  afford  to  rely  on  cost  estimation  techniques  which  are  set  up  for  traditional  accounting 
purposes.  Furthermore,  these  techniques  cannot  be  used  effectively  to  assess  cost  implications  of 
processing  changes  or  changes  in  technology. 

By  understanding  all  of  the  costs  involved  in  new  and  existing  coating  technologies,  technology 
developers  can  more  readily  suggest  means  for  reducing  costs  other  than  by  simply  decreasing 
materials  costs.  An  understanding  of  the  economic  factors  can  help  researchers  and  system 
developers  optimize  manufacturing  conditions  and  work  towards  testing  the  performance  of 
coatings  and  coating  systems  which  seem  most  economically  viable.  This  intersection  of  technical 
performance  and  economic  performance  is  vital  for  the  successful  commercialization  of  new 
materials.  While  environmental  compliance  and  coating  performance  are  important  factors  in 
deciding  which  coating  to  choose,  cost  often  remains  the  bottom  line. 

This  report  renders  an  economic  analysis  of  an  innovative  SAIC  coating  technology  via  the 
construction  and  use  of  a  process-based  cost  estimation  model.  The  modeling  approach  divides 
the  processing  steps  into  unit  operations  where  necessary,  and  separates  the  various  cost  elements 
for  each  operation.  Data  used  to  constract  the  model  have  been  obtained  through  collaboration 
with  other  team  participants  in  this  program  and  from  industry  experts.  This  model  therefore 
portrays  an  accurate  picture  of  the  expected  production  scenario,  and  can  be  utilized  in  various 
ways.  Sensitivity  analyses  are  included,  which  can  aid  in  understanding  the  prime  contributors  to 
coating  costs  and  which  may  suggest  non-obvious  approaches  to  cost  reduction. 
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Process-Based  Cost  Estimation _ 

Deposition  systems  for  applying  advanced  coatings  can  be  complex  or  simple  operations, 
depending  on  the  coating's  intended  use.  Process-based  cost  models  are  useful  tools  for  assessing 
operating  and  overall  product  costs  of  these  deposition  systems.  The  cost  models  are  designed  to 
represent  manufacturing  intricacies  by  dividing  the  process  into  small,  manageable  steps,  or  unit 
operations.  In  the  model,  various  cost  elements  can  be  separated  out  for  each  unit  operation. 
The  cost  model  employs  clearly  defined  and  verifiable  economic  and  accounting  principles,  and  is 
based  on  engineering  principles  and  the  physics  of  the  manufacturing  process.  This  section 
describes  the  coating  scenarios  addressed  in  this  project,  and  the  modeling  methodology  that  has 
been  used  to  construct  process-based  cost  models  of  these  deposition  systems.  Two  potential  end 
uses  of  the  deposition  technology  have  been  analyzed:  coated  polycarbonate  aircraft  canopies  and 
coated  solar  reflector  materials. 

Coated  Canopy  Systems 

The  performance  requirements  of  polycarbonate  aircraft  canopies  in  military  applications  are 
stringent  and  demanding.  The  flight  conditions  to  which  aircraft  canopies  are  subjected  can  be 
severe,  and  thus  may  significantly  decrease  the  lifetime  of  the  canopy.  By  applying  a  ceramic 
coating  to  the  polycarbonate  canopy  material,  the  useful  lifetime  of  the  canopy  can  be  extended. 
There  are,  however,  cost  trade-offs  between  these  two  scenarios.  While  uncoated  canopies  cost 
less  to  manufacture  than  coated  ones,  they  have  a  higher  probability  of  a  shorter  lifespan  and 
hence  generate  higher  volumes  of  expended  materials.  The  objective  of  this  task  is  to  model  the 
processing  conditions  for  ceramic  deposition  on  the  canopies,  including  the  economics  thereof,  to 
allow  a  better  understanding  the  cost  trade-offs  and  thus  suggest  ways  to  minimize  their 
manufacturing  cost 

Solar  Reflector  Deposition  System 

Solar  reflector  materials  are  now  manufactured  commercially  as  layered  structures  with  polymer 
film  protective  coatings.  While  this  configuration  is  functional,  the  performance  requirements  for 
viable  economic  implementation  of  solar  power  demand  longer  reflector  lifetimes  than  the 
polymer  coating  can  now  provide.  Replacement  of  the  polymer  with  a  ceramic  coating  would 
allow  longer  operation  for  a  given  reflector,  thereby  decreasing  the  maintenance  and  overall  costs 
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for  solar  power.  Industry  specialists  note  that  it  is  imperative  that  the  cost  of  any  new  reflector 
materials  be  less  than  currently  available  materials.  Further,  they  suggest  that  a  manufacturing 
cost  below  $1  per  square  foot  is  necessary  for  competitive  implementation  of  solar  power.  The 
objective  in  this  task  is  to  identify  processing  conditions  and  methodologies  for  which  the 
manufacturing  costs  meet  these  requirements. 

Deposition  Processing 

The  technological  basis  for  the  ceramic  coating  system  under  investigation  is  ion-beam-assisted 
deposition  (IBAD).  In  this  process,  evaporators  are  used  to  volatilize  the  deposition  material,  and 
additional  ion  sources  are  used  to  assist  in  the  deposition  by  bombarding  the  ceramic  film  as  it 
deposits  on  the  substrate.  Utilization  of  the  EBAD  technique  produces  ceramic  films  with 
enhanced  density  and  improved  index  of  refraction  -  a  benefit  over  films  produced  without  the 
ion-assist.  The  new  development  in  this  IBAD  technology  is  an  improved  cathode  material  for 
the  ion  sources  which  significantly  increases  the  deposition  rate  and  overall  throughput.  In  this 
technical  cost  model,  the  processing  conditions,  deposition  rates,  and  film  thicknesses  which 
describe  deposition  via  an  IBAD  system  are  varied  to  determine  the  trade-offs  in  economic 
viability.  This  investigation  is  done  in  concert  with  technical  performance  test  data  for  various 
coated  substrates;  i.e.,  the  manufacturing  costs  have  been  calculated  for  the  most  promising  of  the 
ceramic  coated  samples.  The  ceramic  coating  which  is  under  investigation  for  these  applications 
is  aluminum  oxide,  i.e.,  alumina. 

As  a  first  approximation  for  economic  viability,  the  equipment  for  the  deposition  system  is 
postulated  as  an  adaptation  of  that  used  for  standard  metallization  in  the  roll  coating  industry. 
Figure  1  shows  the  generalized  process  unit  steps  for  coating  the  substrates  under  consideration. 
In  Step  1,  the  substrate  surface  is  cleaned  or  prepared  prior  to  deposition.  Initially,  several 
techniques  for  preparation  were  under  consideration,  including:  1)  argon-ion  bombardment, 
2)  oxygen-ion  bombardment,  3)  wet  chemical  treatment  and  4)  plasma  radical  treatment.  After 
further  experimentation  and  testing  of  coated  samples,  it  was  found  that  only  the  argon  ion 
bombardment  is  required  for  adequate  surface  preparation.  Other  pretreatment  techniques  will  no 
longer  be  considered  in  the  cost  analysis. 
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Roll  Coating  Deposition  System 


Figure  1:  Process  Steps  for  Ceramic  Deposition 

Steps  2,  3  and  4  represent  the  actual  deposition  steps.  While  some  coating  applications  require 
only  a  layer  of  ceramic  material,  others  require  the  deposition  of  metallic  interlayers  in  addition  to 
the  ceramic  coating.  Incorporation  of  Steps  1  through  4  into  a  single  piece  of  equipment  provides 
versatility,  allowing  for  a  variety  of  potential  applications  without  breaking  system  vacuum.  Costs 
related  to  a  specific  quality  control  step  have  not  been  implemented  in  this  model. 

In  the  cost  model,  the  unit  operations  which  are  separated  out  for  final  cost  analysis  include  only 
Steps  2,  3  and  4.  Step  1  is  not  isolated  as  a  processing  step  because  it  is  incorporated  into  the 
deposition  equipment  and  is  therefore  included  in  the  deposition  processing  step.  The  cost  model 
includes  the  materials,  energy,  labor  and  equipment  costs  for  manufacture  of  the  coated  substrate. 
Costs  are  not  included  for  cutting,  installation  or  maintenance  of  the  coated  substrate.  Waste 
disposal  costs  of  replaced  canopies  or  reflector  materials  are  not  included  in  this  analysis.  Cost 
savings  from  longer  product  use  over  its  lifetime  are  also  not  included.  These  last  three  costs  may 
add  significantly  to  the  economic  benefits  of  implementation  of  this  technology. 
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Overview  of  the  Cost  Model _ 

Each  of  the  three  deposition  unit  operations  discussed  above  are  broken  down  into  the  cost 
elements  described  below  -  either  as  variable  or  as  fixed  costs.  The  sum  of  these  costs  for  a  given 
unit  operation  provides  an  estimate  of  the  total  cost  attributed  to  that  unit  operation.  Breakdown 
and  representation  of  the  costs  in  this  manner  allows  developers  to  understand  where  the  greatest 
cost  burdens  lie  in  each  unit  operation. 

Variable  Costs 

Variable  costs  are  the  contributions  to  the  manufacturing  product  cost  which  are  independent  of 
the  quantity  of  materials  coated,  on  a  per  unit  basis.  The  variable  costs  appropriate  for  this 
deposition  process  are:  a)  cost  of  materials,  b)  cost  of  direct  labor  and  c)  cost  of  energy. 

Cost  of  Materials 

Material  cost  represents  the  transaction  price  of  the  substrate  and  each  coating  for  each  unit 
operation.  Coating  thickness  and  product  rejection  rates  also  affect  the  materials  cost. 

Cost  of  Direct  Labor 

The  cost  of  direct  labor  is  a  function  of  the  wages  paid,  the  time  required  for  each  operation,  the 
quantity  of  labor  associated  with  the  operation,  and  the  productivity  of  this  labor.  Labor  wages 
include  the  cost  of  benefits  to  the  laborer.  The  cost  of  supervisors,  janitors  and  support  staff  in 
general  are  accounted  for  separately  in  overhead  labor  costs. 

Cost  of  Energy 

The  majority  of  the  energy  consumed  in  this  process  is  obtained  from  electric  power.  The  total 
energy  consumed  in  each  unit  operation  is  calculated  from  actual  equipment  power  requirements, 
when  known,  and  anticipated  power  requirements  for  new  deposition  equipment. 

Fixed  Costs 

In  contrast  to  variable  costs,  fixed  costs  are  those  which  are  dependent  on  the  quantity  of  product 
fabricated,  when  calculated  on  a  per  unit  basis.  Each  of  these  costs  are  divided  equally  among  the 
number  of  parts  or  square  feet  of  coated  substrate  produced.  As  the  production  volume 
increases,  the  cost  per  piece  attributed  to  fixed  cost  elements  decreases,  although  the  fixed  costs 
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themselves  remain  constant.  The  fixed  costs  for  this  deposition  process  include;  equipment 
purchase  and  amortization,  auxiliary  equipment  costs,  equipment  installation  costs,  maintenance 
of  equipment,  fixed  overhead  labor  and  building  cost. 

Equipment  Cost 

Equipment  cost  refers  to  the  cost  of  the  capital  equipment  for  each  unit  operation.  For  the  roll 
coating  equipment,  the  cost  has  been  estimated  via  price  quotes  for  various  coating  equipment 
dimensions,  and  this  cost  is  dependent  on  the  anticipated  deposition  rate.  The  equipment 
investment  has  been  maintained  as  low  as  possible  without  underestimating  the  expected  cost.  To 
consistently  distribute  the  equipment  costs  over  the  annual  production  volume,  the  total 
investment  is  amortized  over  a  fixed  period  of  years  using  an  appropriate  interest  rate.  The 
annual  cost  is  then  divided  by  the  production  volume  to  obtain  the  cost  per  unit. 

In  estimating  the  total  investment,  the  fraction  of  utilization  or  "dedication"  of  the  equipment  must 
be  considered  to  accurately  attribute  costs  to  a  given  product  line.  For  the  cost  analysis  of  these 
deposition  systems,  the  deposition  equipment  is  assumed  to  be  fully  dedicated  to  each  product 

Auxiliary  Equipment  Cost 

The  procedure  for  estimating  the  auxiliary  equipment  cost  is  to  assume  the  ratio  of  the  auxiliary 
equipment  cost  to  the  capital  equipment  cost  to  be  a  constant.  Since  this  assumption  has  been 
verified  for  other  systems  modeled  by  the  MTT  Materials  Systems  Lab,  it  will  be  used  for  the 
equipment  in  this  deposition  system  because  there  is  no  other  means  of  validation  for  projected 
new  technologies. 

Installation  Cost 

The  installation  cost  refers  to  the  initial  cost  of  installing  the  primary  and  auxiliary  equipment  It 
is  typically  a  percentage  of  the  primary  and  auxiliary  equipment  costs  and  is  amortized  in  the  same 
manner  as  are  the  equipment  costs. 

Fixed  Overhead  Labor  Cost 

Overhead  labor  costs  differ  from  direct  labor  costs  as  noted  previously,  since  they  are  not  directly 
associated  with  the  manufacturing  process,  but  are  required  nonetheless.  This  labor  cost  includes 
salaries  for  supervisors,  managers,  building  maintenance  and  support  staff,  etc. 
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Maintenance  Cost 

Since  maintenance  is  often  unscheduled  and  is  performed  in  response  to  situations  as  they 
develop,  an  accurate  estimate  of  the  cost  of  maintaining  capital  equipment  would  require  a 
prediction  or  forecasting  of  these  problems.  Consequently,  maintenance  costs  have  been 
estimated  as  a  fraction  of  the  capital  equipment  cost. 

Amortization 

This  is  the  interest  portion  the  annual  payment  on  the  primary  and  auxiliary  equipment  and 
installation.  The  annual  payments  are  calculated  as  an  annuity,  using  an  appropriate  interest  rate 
and  time  period. 

Building  Cost 

The  cost  of  the  building  space  is  determined  by  the  amount  of  floor  space  required  and  its  price 
per  square  foot.  This  contribution  is  not  included  in  this  cost  analysis. 

This  summarizes  the  various  cost  elements  of  fixed  and  variable  costs  involved  in  the  complete 
estimation  of  deposition  cost  per  unit  of  product.  To  calculate  these  cost  elements,  the 
manufacturing  process  and  production  parameters  must  be  specified.  In  particular,  the  aimual 
production  volume,  the  deposition  rate  and  the  coating  thickness  are  all  important  variables  for 
determining  the  number  of  lines  of  equipment  that  must  operated  to  achieve  the  required 
production.  The  specific  information  utilized  in  this  cost  analysis  is  described  below. 

The  Deposition  Cost  Model _ 

A  technical  cost  model  spreadsheet  has  been  developed  using  Lotus  1-2-3®  software  and  is  shown 
schematically  in  Figure  2.  The  model  is  organized  so  that  a  user  should  be  able  to  generate 
manufacturing  cost  results.  The  spreadsheet  cells  that  require  input  information  are  highlighted 
in  the  spreadsheet,  and  are  located  in  the  "input  data"  and  "exogenous  cost  factor"  sections.  The 
input  area  of  the  cost  model  contains  a  number  of  input  parameters  for  each  unit  operation,  which 
must  be  provided  for  accurate  cost  determination.  The  cost  calculation  sections  for  each  unit 
operation  are  programmed  to  utilize  the  various  input  specifications.  The  cost  summary  section 
provides  a  breakdown  of  production  cost  by  factor  and  unit  operation. 
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Input  Data 

The  technical  information  necessary  for  the  calculations  is  entered  by  the  user  in  this  region  of  the 
spreadsheet.  This  includes  materials,  process  and  labor  parameters,  cycle  times  and  equipment 
costs  for  each  process  step. 

The  first  information  that  a  user  must  enter  encompasses  component  or  product  specifications, 
such  as  substrate  area,  coating  thickness  and  deposition  and  substrate  materials.  There  are 
various  choices  available  for  substrate  and  deposition  materials.  After  the  substrate  or  deposition 
material  reference  numbers  are  selected  and  input,  the  material  price,  atomic  weight  and  specific 
gravity  automatically  appear. 


Input  Data 

Bcbgahio^ 

Depoduoa  IMt  St^ 

CtistSanuuary 

CostFactc*? : 

CateakEtbas 

Product  Geometry 

Plant  Operations 

Variable  Costs: 

Variable  Costs: 

Equipment  Parameters 

Materials  Prices 

Materials 

Materials 

Processing  Cycle  Times 

Wage  Rates 

Labor 

Labor 

Materials  Parameters 

Energy  Prices 

Energy 

Energy 

IB  AD  Processing  Parameters 

Fixed  Costs: 

Fixed  Costs: 

Technical  Specifications 

Equipment 

Equipment 

Auxiliary  Equipment 

Auxiliary  Equipment 

Installation 

Installation 

Maintenance 

Maintenance 

Fixed  Overhead 

Fixed  Overhead 

Amortization  Costs 

Amortization  Costs 

Process  Based 

Cost  Breakdown 

Figure  2:  General  Spreadsheet  Layout  of  Technical  Cost  Model 


Equipment  Assumptions 

The  deposition  equipment  costs  must  be  specified,  and  are  dependent  on  the  substrate  dimensions. 
The  deposition  equipment  has  not  actually  been  built  to  accommodate  high  volume 
manufacturing,  but  potential  equipment  designs  have  been  explored  for  technical  and  economic 
viability.  The  equipment  follows  the  design  of  a  standard  evaporation  roll  coater,  where  a  large 
cylindrical  roll  of  substrate  (the  web)  is  threaded  through  a  series  of  rollers.  The  web  travels 
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through  the  rollers  to  expose  an  area  of  the  substrate  to  metal  or  ceramic  evaporant  at  a  rate  (web 
speed)  which  allows  the  required  coating  thickness  to  accumulate. 

The  dominant  process  parameter  which  controls  and  limits  the  web  speed  is  the  deposition  rate, 
[coating  thickness/unit  time],  for  the  various  coatings.  The  aluminum  oxide  coating  requires 


Side  View 


Figure  3:  Schematic  Side  View  of  Roll  Coating  System  -  Region  with  IBAD  Configuration 


Figure  4:  Schematic  Top  View  of  Roll  Coating  System  -  Region  with  IBAD  Configuration 
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enhancement  via  IB  AD  processing,  which  includes  the  oxygen-ion  bombardment  sources  acting  in 
concert  with  the  evaporators  to  achieve  adequate  coating  properties.  Without  improved  ion 
sources,  the  aluminum  oxide  deposition  rate  would  remain  too  low  for  high  volume  production. 
The  implementation  of  improved  ion  sources,  developed  by  SAIC,  would  increase  production 
rates  and  throughputs.  The  costs  associated  with  modifications  to  standard  roll  coater  equipment 
are  included  in  the  cost  model. 

Side  view  and  top  view  schematic  diagrams  for  the  proposed  IBAD  equipment  are  shown  in 
Figures  3  and  4,  respectively.  The  side  view  shows  a  detail  of  the  roll  coating  equipment  in  the 
region  of  IBAD  processing  as  the  web  passes  through  a  30  cm  deposition  zone  lying  along  the 
direction  of  web  travel.  The  web  travels  past  the  evaporator  and  two  ion-assist  sources  to 
complete  the  aluminum  oxide  deposition  process.  To  achieve  homogeneous  coating  thiclcness 
across  the  web  width  (fixed  at  3.5  ft  (1.067  m)  in  this  configuration),  a  bank  of  nine  evaporators 
and  nine  ion-assist  sources  is  evenly  spaced  along  the  web  width.  Figure  4  also  shows  the  bank  of 
nine  argon  ion  sources  used  to  bombard  the  web  to  clean  and  prepare  the  surface  prior  to 
deposition.  This  configuration  for  the  IBAD  equipment  is  used  throughout  this  study  to  generate 
the  various  cost  results. 

Although  the  actual  deposition  equipment  necessary  to  manufacture  canopies  would  differ 
significantly  from  that  necessary  to  manufacture  solar  reflector  materials,  this  IBAD  configuration 
is  used  as  a  lower  end  cost  estimate  for  the  coating  of  aircraft  canopy  systems.  With  the  addition 
of  metallization  evaporators,  the  roll  coating  equipment  in  this  IBAD  configuration  is,  however, 
more  suitable  for  coating  solar  reflector  materials. 

In  addition  to  the  single  stage  configuration  described  and  illustrated,  a  two-stage  deposition 
system  was  investigated  to  determine  the  tradeoff  of  increased  capital  equipment  cost  versus 
shorter  process  throughput  time.  The  decrease  in  deposition  cycle  time  may  offset  the  increased 
initial  investment  The  equipment  cost  assumptions  are  shown  in  Table  1  for  single-  and 
double-stage  deposition  systems.  For  solar  reflector  materials,  additional  metallization  equipment 
costs  must  be  added  to  this  list  to  reflect  accurate  capital  equipment  costs  for  that  deposition 
system. 
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Table  1:  Canopy  Processing  Equipment  -  Breakdown  of  Parts  With  Estimated  Price  List 


For  Single  Stage  Deposition: 

Quantity 

Cost/Unit 

Equip.  Cost 

Evaporator/Controller 

9 

$25,000 

$225,000 

Deposition  Arc  Cathode  Ion  Source/Controller 

18 

$30,000 

$540,000 

Bombard  Arc  Cathode  Ion  Source/Controller 

9 

$30,000 

$270,000 

Deposition  Chamber 

1 

$50,000 

$50,000 

Instrumentation 

1 

$100,000 

$100,000 

Water  Cooling 

1 

$50,000 

$50,000 

Cold  Trap  Diffusion  Vacuum  Pumps 

6 

$64,000 

$384,000 

Roots  Roughing  Pump 

1 

$40,300 

$40,300 

TOTAL 

$1,659,300 

For  Double  Stage  Deposition: 

Quantity 

Cost/Unit 

Equip.  Cost 

Evaporator/Controller 

9 

$25,000 

$225,000 

Deposition  Arc  Cathode  Ion  Source/Controller 

18 

$30,000 

$540,000 

Bombard  Arc  Cathode  Ion  Source/Controller 

9 

$30,000 

$270,000 

Larger  Capacity  Deposition  Chamber 

1 

$50,000 

$50,000 

TOTAL 

i 

$1,085,000 

! 

TOTAL  IF  BOTH  STAGES  USED: 

$2,744,300 

Processing  Cycle  Time  Parameters 

The  next  input  area  in  the  spreadsheet  addresses  the  total  amount  of  time  needed  to  process  a 
batch  of  the  substrate.  There  are  four  general  phases  required  to  complete  one  batch  of  coated 
material.  These  are  pre-coating,  deposition,  after-coating  and  recharging.  Each  of  these  times  is 
summed  to  determine  the  total  cycle  time.  The  pre-coating  period  represents  the  time  for  a 
number  of  start-up  activities  which  include  time  to  evacuate  the  pressure  chamber,  cool  the 
coating  drum,  and  accelerate  the  web  to  processing  speed  to  begin  deposition.  The  actual  time 
for  deposition  is  calculated  using  other  parameters  specified  by  the  user  of  the  model,  or  it  can  be 
overridden  with  another  input.  After  deposition  has  finished,  the  evaporators  are  deactivated,  the 
winding  mechanisms  are  stopped,  the  coating  drum  is  heated  to  ambient  temperature  and  the 
chamber  is  vented  to  atmosphere.  During  the  recharging  period,  the  chamber  is  opened  and  the 
coated  roll  is  removed.  The  chamber  is  then  cleaned  and  checked  and  routine  maintenance  is 
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performed  before  a  new  roll  is  loaded,  and  then  the  chamber  is  closed.  The  total  time  between  the 
end  of  deposition  processing  and  the  restart  of  deposition  is  estimated  as  approximately  one  hour 
in  the  model.  This  is  only  a  small  fraction  of  the  time  required  for  deposition,  which  depends  on 
the  length  of  the  roll,  the  deposition  rate  and  the  coating  thickness. 

Material  Parameters 

The  materials  required  for  the  desired  layered  structure  are  initially  specified  by  the  user.  For  the 
aircraft  canopy  application,  only  the  aluminum  oxide  coating  material  is  needed,  with  an  assumed 
commodity  price  of  about  $50  per  pound.  For  the  solar  reflector  application,  copper  (at  $2.50 
per  pound)  and  silver  (at  $200  per  pound)  metallic  layers  are  specified  in  addition  to  the  aluminum 
oxide.  The  total  materials  costs  are  calculated  according  to  the  thickness  and  density  of  each 
coating,  as  well  as  the  specified  production  volume,  including  a  percentage  for  scrap. 

Other  materials  used  in  this  process  include  various  gases.  The  ion  sources  require  argon  gas  at 
$2.62  per  cubic  meter  for  the  bombardment  during  surface  preparation,  and  the  ion-assist  sources 
require  oxygen  at  $1.38  per  cubic  meter.  The  volume  of  gas  used  during  processing,  and  hence 
the  cost,  is  calculated  as  a  function  of  the  specified  gas  flow  rate  and  annual  production  volume. 
The  recirculating  water  and  other  incidental  materials  (e.g.,  pump  oil)  have  not  been  included,  and 
are  considered  incidental  with  respect  to  their  effects  on  the  manufacturing  cost. 

The  substrate  material  cost  for  the  polycarbonate  canopy  is  not  included  in  this  analysis,  and 
therefore  the  cost  of  reworking,  scrapping  or  destroying  the  high  value  canopy  substrate  through 
EBAD  processing  is  not  accounted  for.  The  cost  analysis  is  meant  only  to  suggest  the  cost  of  the 
coating  itself.  In  the  case  of  the  solar  reflector  materials,  the  PET  substrate  cost,  although 
minimal  at  $0.03  per  square  foot,  is  included  in  the  manufacturing  cost. 

Ion  Beam  Assisted  Deposition  Process  Parameters 

The  variable  and  calculated  operating  parameters  for  the  evaporators  and  ion  sources  used  for 
deposition  processing  are  displayed  in  Table  2.  The  IBAD  deposition  rate  can  be  changed  here  to 
explore  its  impact  on  product  cost.  The  variable  input  parameters,  shown  in  bold,  are  used  to 
calculate  the  total  ion  current  and  total  ion  power  at  the  film  surface,  as  well  as  to  determine  the 
total  actual  power  used  by  each  ion  gun.  These  calculated  values  are  shown  in  the  table  below  for 
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the  input  variable  and  the  equipment  design  shown  in  Figures  3  and  4,  using  a  single-stage 
deposition  operation.  The  only  operating  parameter  required  for  the  evaporator  is  its  transfer 
efficiency,  which  is  a  measure  of  the  percentage  of  material  that  is  transferred  from  the  evaporator 
melt  to  the  substrate  surface.  The  25%  transfer  efficiency  impUes  that  75%  of  the  evaporant 
material  is  ineffectively  deposited  elsewhere  in  the  chamber.  The  transfer  efficiency  is  included  as 
an  input  variable,  although  a  value  could  be  calculated. 

The  power  requirements  for  the  equipment  must  also  be  specified  in  the  model  to  allow 
calculation  of  total  energy  requirements  for  the  deposition  process. 


Table  2  -  IBAD  Processing  Parameters  for  One-Stage  Deposition 


IBAD  Deposition  Rate  of  AI2O3 

0 

0 

SO 

Angstrom  /  sec 

Ion  Energy  Rux  at  Film  Surface 

60 

eV  /  atom  in  film 

Ion  Energy  at  Film  Surface 

500 

eV  /  ion 

Ion  Acceleration  Voltage  Energy 

500 

Volts 

Ion  Gun  Exposixre  Factor 

1.4 

Density  of  Coating 

70 

%  of  Theoretical 

Expected  Density  of  Coating 

2.73 

g/cm^ 

Molecular  Weight  of  Coating 

102 

g  /  mole 

Number  Atoms/  unit  area-  unit  time 

4.834  X  10‘" 

atoms  /s-cm^ 

Ion  Current  Density  at  Substrate 

9.281  X  10-' 

Amps  /  cm^ 

Total  Required  Ion  Current 

42.25 

Amps 

Total  Required  Ion  Power  (at  surfaces) 

21124 

Watts 

Ion  Source  Electrical  Efficiency 

20 

% 

Arc  Cathode  Beam  Current/Gun 

2.35 

Amps 

Arc  Cathode  Source  Current/Gun 

9.39 

Amps 

Total  Power  Used  by  Each  Ion  Gun 

5867 

Watts 

Ion  Cathode  Energy  Used  per  Bomb.  Gun 

3.26 

kWhr/Bomb.  Gun 

Ion  Cathode  Energy  Used  per  Depo.  Gun 

3.26 

kWhr/Depo.  Gun 

Evaporator  Transfer  Efficiency 

25 

% 
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Labor  Parameters 


The  labor  required  for  operating  each  hne  of  deposition  equipment  is  set  in  this  model  at  two 
hourly  workers,  each  devoting  50%  of  their  time  to  monitor  the  processing  cycle.  The  manpower 
requirement  could  be  reduced  if  one  worker  could  be  used  to  monitor  more  than  one  line  of 
equipment  during  the  lengthy  deposition  period,  but  that  is  not  assumed  in  this  analysis. 

Exogenous  Cost  Factors 

Exogenous  cost  factors  used  in  the  IBAD  deposition  processing  model  are  shown  in  Table  3.  All 
manufacturing  cost  estimates  are  based  on  a  standard  working  period  of  260  days  per  year,  with 
two  shifts  of  eight  hours  each.  It  is  assumed  that  the  loan  for  equipment  costs  is  amortized  at 
15%  over  a  period  of  five  years.  Installation  costs  are  assumed  to  be  15%  of  the  total  equipment 
investment,  and  annual  maintenance  costs  are  assumed  as  5%  of  the  total  equipment  investment. 
The  wage  rate  is  set  at  $35  per  hour  and  the  price  of  electric  power  is  assumed  to  be  $0.10  per 
kilowatt-hour.  The  fixed  overhead  is  assumed  at  35%  of  the  total  investment  (including 
maintenance  costs)  per  year.  Each  of  these  input  factors  can  be  changed  by  the  user. 

Table  3  -  Exogenous  Cost  Factor  Inputs  Used  in  the  IBAD  Deposition  Processing  Model 


Operating  Days  Per  Year 

260 

days/year 

Shifts  per  Day 

2 

shifts/day 

Hours  per  Shift 

8 

hr/shift 

Capital  Recovery  Rate 

15 

% 

Capital  Recovery  Period 

5 

years 

Direct  Labor  Wage 

$35 

/hr 

Electricity  Price 

$0.10 

/  kilowatt-hours 

Unscheduled  Downtime 

0 

% 

Variable  Overhead  Cost 

0 

% 

Auxiliary  Equipment  Cost 

5 

%  of  Capital  Equip 

Installation  Cost  of  All  Equip. 

15 

%  of  Capital  &  Auxiliary 

Maintenance  Cost 

5 

%  of  Capital  &  Auxiliary 

Fixed  Overhead  Cost 

35 

%  of  Fixed  Cost 
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Economic  Analysis  for  Coated  Aircraft  Canopy  Systems _ 

The  total  cost  associated  with  IB  AD  deposition  is  composed  of  material,  capital,  labor  and  energy 

costs.  Figure  5  shows  the  factor-based  cost  components  for  a  one-stage  deposition  process, 
assuming  a  production  volume  of  2674  coated  canopies  per  year  each  with  an  assumed  area  of 
105  square  feet  (9.75  m^),  and  coated  with  a  AljOj  ceramic  coating  thickness  of  4  jim  at  a 
deposition  rate  of  6(K)  A/sec.  Again,  the  equipment  design  used  in  the  model  is  based  on  roll 
coating  applications,  and  is  used  as  a  first  estimate  of  the  manufacturing  costs.  Under  these 
assumptions  and  with  one  line  of  equipment  at  full  capacity,  no  downtime  and  no  scrapped 
substrates,  the  total  cost  for  coating  each  canopy  is  $468  (or  $4.45  per  square  foot). 


Installation  Cost  -  6.2% 


Figure  5:  Factor  Based  Cost  Components  of  IBAD  Canopy  Coating  Process 

The  capital  cost,  which  includes  primary  and  auxiliary  equipment,  installation,  maintenance  and 
fixed  overhead,  is  the  major  contributor  to  the  coated  substrate  costs,  as  it  accounts  for  almost 
70%  of  the  total  cost  at  maximum  production  volume.  Since  this  process  is  so  highly  capital 
intensive,  high  utilization  of  the  deposition  line  is  essential  to  reduce  the  cost  per  unit  of  coated 
area.  At  an  equipment  utilization  of  50%,  producing  1337  canopies  per  year,  the  fixed  cost 
accounts  for  82%  of  the  manufacturing  cost.  Larger  production  volumes  achieve  greater 
economies  of  scale  by  spreading  the  fixed  costs  over  more  product.  As  the  production  volume 
increases,  capital  equipment  cost  per  unit  drops,  and  consequently  the  total  cost  for  coating  each 
canopy  decreases,  as  shown  in  Figure  6.  The  increase  in  costs  for  a  slower  IBAD  deposition  rate 
is  also  shown. 
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Figure  6:  Economies  of  Scale  for  Coated  Canopies  at  Different  Deposition  Rates 

The  pie  chart  in  Figure  5  indicates  that  for  the  assumptions  given,  the  cost  of  labor  is  substantial, 
accounting  for  23.3%  of  the  total  cost,  essentially  because  one  technician  is  using  all  available 
work  time  to  produce  coatings  and  monitor  the  equipment.  A  fraction  of  that  labor  time  would  be 
required  if  automated  equipment  is  used  to  monitor  the  deposition  process.  The  energy  costs 
reflect  the  electric  power  used  for  the  ion  sources.  At  5.9%,  this  contribution  is  not  unexpected. 
The  material  cost  for  this  deposition  process  is  very  low  (1%)  due  to  the  small  volumes  of  gases 
and  minimal  coating  thickness,  and  it  does  not  include  the  substrate  cost. 

In  addition  to  understanding  the  cost  contributions  for  a  specific  set  of  processing  conditions, 
other  processing  variables  can  be  systematically  changed  while  holding  the  other  parameters 
constant  to  explore  their  effect  on  manufacturing  costs.  The  IBAD  deposition  rate  is  a  major 
contributor  to  costs,  because  slow  deposition  rates  or  long  cycles  times  give  lower  rates  of 
throughput.  In  order  to  compare  the  equipment  design  factors  affecting  throughput,  the  single- 
and  double-stage  deposition  designs  are  compared  as  a  function  of  deposition  rate  in  Figure  7. 

As  expected  both  curves  show  a  decrease  in  cost  per  ft^  with  increasing  deposition  rates.  These 
results  assume  a  4  p.m  coating  on  polycarbonate  canopies,  each  with  area  of  105  ft^  (9.75  m^), 
using  one  line  of  equipment  at  maximum  capacity,  with  no  downtime  and  100%  yield.  As  the 
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Figlire  7:  Equipment  Design  Shows  Strong  Effect  on  Manufacturing  Cost 

deposition  rate  increases,  the  production  volume  is  not  constant  along  each  curve.  The  maximum 
number  of  coated  canopies  is  given  for  deposition  rates  of  500  and  1500  A/sec.  As  the  cycle  time 
decreases,  more  substrates  can  be  coated,  which  decreases  the  fixed  costs  per  canopy  by 
spreading  them  over  the  higher  output.  Comparison  of  single-stage  and  double-stage  equipment 
curves  shows  that  the  double-stage  remains  at  a  greater  cost/ft^  for  nearly  the  entire  deposition 
range,  although  at  very  low  deposition  rates  the  double-stage  cost/ft^  is  lower  than  the 
single-stage.  This  crossover  occurs  at  about  200  A/sec.  At  500  A/sec,  the  cost  differential  is 
about  $0.50/ft^  due  to  increased  capital  costs  of  the  two-stage  equipment,  but  the  production 
capacity  of  the  two  stage  equipment  is  higher. 

The  deposition  rate  range  explored  in  Figure  7  extends  from  currently  achievable  rates  (below 
1(X)  A/sec)  to  rates  that  are  beyond  the  capability  of  the  new  cathode  technology.  In  Figure  8,  the 
feasible  regions  of  EBAD  deposition  rates  for  single-  and  double-stage  equipment  are  shown 
graphically  with  respect  to  ion  gun  current  limitations.  The  upper  portion  of  this  graph  indicates 
the  increase  in  ion  gun  current  with  deposition  rate  for  one-  and  two-stage  equipment.  Each 
cathode  is  limited  to  a  current  below  3  amps,  hence  deposition  rates  where  the  current  becomes 
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Figure  8:  Ranges  for  Feasible  Deposition  of  1-  and  2-  Stage  Equipment  For  Small  Substrates 

greater  than  3  amps  are  unachievable,  as  indicated  by  the  dotted  lines.  The  lower  portion  of 
Figure  8  is  a  reiteration  of  Figure  7,  which  indicates  the  regions  of  feasible  deposition  rates  by  the 
solid  curves.  For  deposition  rates  using  single-stage  equipment,  coating  is  infeasible  above 
1430  A/sec.  For  double-stage  equipment,  coating  becomes  infeasible  above  2863  A/sec. 

A  comparison  of  the  economies  of  scale  are  shown  for  various  deposition  rates  in  Figure  9. 
Again,  these  results  assume  a  4  |im  coating  on  polycarbonate  canopies  each  with  area  of  105  ft^ 
(9.75  m^)  using  one  line  of  equipment  at  maximum  capacity,  with  no  downtime  and  100%  yield. 
For  each  of  the  four  deposition  rates  (20,  60,  600  and  1000  A/sec)  the  two-stage  equipment 
incurs  a  higher  manufacturing  cost  for  a  given  production  volume.  The  maximum  annual 
production  capacities  for  the  one-stage  equipment  are  shown  in  the  graph  in  units  of  millions  of 
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square  feet  (MSF)  and  translate  to  236,  634,  2674  and  3120  total  canopies  for  deposition  rates  of 
20,  60, 600  and  1000  A/sec,  respectively. 


Figure  9:  Economies  of  Scale  at  Various  IBAD  Deposition  Rates  For  Small  Substrates 

Economic  Analysis  for  Coated  Solar  Reflector  Materials _ 

The  same  technical  cost  model  is  used  to  simulate  the  deposition  costs  for  manufacturing  solar 

reflector  films,  which  generally  require  a  larger  product  area  than  the  canopy.  For  this  analysis,  an 
assumed  web  width  of  3.5  ft  (1.067  m)  is  maintained,  with  a  web  length  of  2400  ft  (730  m).  With 
all  other  parameters  and  assumptions  unaltered,  this  change  has  a  major  effect  on  the  cycle  time 
per  batch.  The  simulation  at  this  point  does  not  include  the  metallic  evaporant  coating  as  part  of 
the  manufacturing  cost. 

In  Figure  10,  the  feasible  regions  of  IBAD  deposition  rates  for  1-  and  2-stage  equipment  are 
shown  graphically  with  respect  to  ion  gun  current  limitations.  The  upper  portion  remains 
unchanged  from  Figure  8.  The  unachievable  deposition  rates  remain  unchanged  and  are  shown  by 
dotted  lines.  The  two-stage  curve  remains  at  a  greater  cost/ft^  for  the  most  of  the  deposition 
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Figure  10:  Ranges  for  Feasible  Deposition  of  1-  and  2-  Stage  Equipment  For  Large  Substrates 


range,  but  at  deposition  rates  less  than  250  A/sec,  two-stage  is  less  expensive.  This  implies  that 
two- stage  equipment  could  be  cost  effective  at  production  volumes  above  a  critical  substrate  roll 
length  at  a  given  deposition  rate.  This  occurs  because  the  percentage  of  cycle  time  dedicated  to 
actual  coating  is  increased,  rather  than  breaking  chamber  vacuum  and  recharging.  Under 
single-stage  conditions,  0.64  MSF  of  coated  material  can  be  produced  for  less  than  $1.28/ft^  if 
deposition  rates  of  500  A/sec  can  be  achieved. 

As  the  deposition  rate  and,  consequently,  the  production  volume  increase,  the  crossover  point 
becomes  apparent  (Figure  11).  These  results  assume  a  4  |im  coating  on  a  PET  substrate  with  a 
coated  area  of  8400  ft^  (730  m^)  using  one  line  of  equipment  at  maximum  capacity,  with  no 
downtime  and  100%  yield.  For  three  of  the  deposition  rates  (20,  60,  and  600  A/sec)  the 
two-stage  equipment  incurs  a  higher  manufacturing  cost  for  a  given  production  volume.  For  the 
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Figure  11:  Economies  of  Scale  at  Various  IB  AD  Deposition  Rates  For  Large  Substrates 

1000  A/sec  rate,  however,  two-stage  equipment  becomes  more  cost  effective.  The  mayimnin 
annual  production  capacities  for  the  one-stage  equipment  in  the  graph,  although  substantial  in 
MSF,  are  rather  limited  in  the  number  of  rolls  processed.  For  the  single-stage  deposition  rates  of 
20,  60,  600  and  1000  A/sec,  the  number  of  rolls  coated  is  3,  9,  91  and  150,  respectively.  If  the 
number  of  shifts  is  increased  to  allow  24  hour  production,  the  production  volumes  and  the 
equipment  utilization  would  increase,  and  the  cost/ft^  would  drop  correspondingly. 

A  modified  version  of  this  technical  cost  model  is  used  to  simulate  the  deposition  costs  for 
manufacturing  solar  reflector  films  with  metallic  interlayers  in  addition  to  the  protective  alumina 
coating,  as  shown  in  Figure  12.  This  configuration  is  represented  in  text  form  as 
AI2O3/  Ag/  Cu/  PET.  The  manufacturing  cost  per  square  foot  is  calculated  for  this  scenario  based 
on  varying  the  thickness  of  the  aluminum  oxide  coating  and  changing  the  IBAD  deposition  rate. 
The  substrate  cost,  though  minimal,  is  included  in  these  assumptions. 

The  cost  results  shown  in  Figure  13  are  generated  assuming  for  an  annual  production  of 
approximately  1  MSF  of  a  solar  reflector  material,  which  consists  of  a  PET  substrate  coated  with 
a  40  nm  copper  layer,  then  coated  with  70  nm  of  silver,  followed  by  the  protective  alumina  of 
varying  thicknesses.  One  line  of  equipment  is  in  use  with  single-stage  deposition  at  maximum 
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Figure  12:  Schematic  Diagram  of  the  Solar  Reflector  Layered  Structure  Investigated 

capacity,  with  no  downtime  and  100%  yield.  As  the  alumina  coating  thickness  decreases  from 
5  |i.m  to  1  |j.m,  the  cost  per  ft^  decreases  as  expected,  since  a  reduced  amount  of  material  is  used. 
As  each  curve  approaches  lower  deposition  rates,  it  ends  abruptly,  indicating  that  further 
decreases  to  the  deposition  rates  would  require  introduction  of  another  line  of  equipment.  At  a 
5  |im  thickness,  the  rate  must  exceed  600  A/sec  to  maintain  a  single  line,  while  for  a  1  |i.m 
coating,  rates  as  low  as  200  A/sec  can  still  be  accommodated  by  a  single  line.  A  second 
phenomenon  is  observed  as  each  curve  approaches  lower  deposition  rates  -  the  capacity  utilized 
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Figure  13:  Sensitivity  of  Coating  Thickness  to  Cost  For  Solar  Reflectors  Materials  at  1  MSF 
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decreases  with  increasing  deposition  rates,  since  each  curve  represents  a  constant  annual 
production  of  1  MSF.  As  the  deposition  rate  increases,  it  requires  less  time  to  finish  the 
production  cycle,  and  then  the  equipment  lies  idle.  The  cost/tf  of  $0.89  at  a  deposition  rate  of 
600  A/sec  for  1  MSF  of  coated  material  per  year  with  a  1  (im  coating  actually  reflects  the  price  of 
underutilization.  If  the  maximum  production  capacity  of  the  equipment  is  achieved,  the  increased 
annual  production  volume  of  5  MSF  reduces  the  cost  to  $0.35/ft^. 

When  more  than  one  line  of  equipment  is  available,  higher  production  volumes  can  be  achieved 
for  this  set  of  assumptions.  The  manufacturing  cost  per  square  foot  can  now  be  assessed  for 
annual  production  volumes  of  5  MSF,  based  on  varying  thicknesses  of  the  aluminum  oxide 
coating  and  changes  in  the  IBAD  deposition  rate.  One  line  of  equipment  is  in  use  with 
single-stage  deposition  at  maximum  capacity,  with  no  downtime  and  100%  yield. 

With  reduced  coating  thickness,  the  manufacturing  cost  decreases,  showing  the  same  trend  as 
found  in  Figure  13.  The  curves  in  Figure  14,  however,  show  discontinuities,  which  increase  the 
cost/ft^  in  small  jumps  as  the  deposition  rate  decreases.  These  jumps  in  cost  occur  when  another 
line  of  equipment  is  required,  which  is  implemented  by  the  model  to  achieve  the  desired 
production  volume.  The  discontinuity  shows  the  difference  in  cost  between  100%  utilization  at 


$1.50 

$1.25 

«  $1.00 
d” 

Vi 

^  $0.75 
o 

^  $0.50 
$0.25 
$0.00 

0  200  400  600  800  1000 

IBAD  Deposition  Rate  [A  /  sec] 

Figure  14:  Sensitivity  of  Coating  Thickness  to  Cost  For  Solar  Reflectors  Materials  at  5  MSF 
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the  lower  cost  side  of  the  jump  and  the  much  lower  initial  utilization  for  an  additional  equipment 
line  at  the  same  production  volume. 

The  curve  for  1  |xm  coating  thickness  requires  only  one  line  at  high  deposition  rates 
(600-1000  A/sec),  and  at  speeds  lower  than  600  A/sec  a  second  line  is  needed.  For  the  2  |im 
coating,  two  lines  are  necessary  at  high  rates,  and  a  third  is  needed  below  600  A/sec.  The  3  and 
4  |im  coatings  require  three  lines  of  equipment  at  high  deposition  rates,  and  the  5  |im  coating  uses 
four  deposition  lines  at  annual  volumes  of  5  MSF. 
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Summary  &  Conclusions _ 

A  technical  cost  model  has  been  developed  to  simulate  the  manufacturing  costs  for  an  IBAD 
deposition  system  which  implements  a  new  cathode  technology.  The  deposition  of  an  aluminum 
oxide  ceramic  coating  is  explored  for  two  equipment  scenarios  under  various  operating 
conditions.  The  dominant  variables  affecting  the  cost  of  the  coated  products  include  the  IBAD 
deposition  rate,  the  thickness  of  the  ceramic  coating  and  the  desired  annual  production  volume. 

The  assumptions  behind  these  cost  analyses  are  meant  to  reflect  the  processing  conditions 
expected  for  high  volume  production  scenarios.  The  range  of  production  volumes  are  chosen  as  a 
result  of  discussions  with  potential  customers  for  the  technology.  The  coating  thickness  and 
deposition  rates  addressed  in  the  cost  analysis  are  currently  being  investigated  on  the  technical 
side.  The  economic  information  generated  here  will  be  used  in  concert  with  the  scientific  analysis 
of  film  properties  to  indicate  the  configurations  warranting  further  consideration  for  technological 
development. 

Applications  for  both  military  and  commercial  end  use  were  explored,  specifically  for  ceramic 
coated  polycarbonate  aircraft  canopies  and  solar  reflector  materials.  The  main  objective  in  both 
economic  analyses  was  to  identify  the  processing  conditions  which  minimize  the  manufacturing 
costs.  The  potential  manufacturing  process  is  based  on  modifications  to  standard  roll  coating 
equipment.  This  allowed  the  accurate  calculation  of  a  series  of  first  order  cost  estimates  for  both 
applications  under  consideration. 

A  cost  breakdown  of  materials,  labor,  energy  and  capital  expenditures  indicated  that,  based  on  the 
given  assumptions,  this  process  is  highly  capital  and  labor  intensive.  High  utilization  of  the 
equipment  is  essential  to  the  economic  viability  of  this  technology.  Cost  effective  implementation 
may  also  require  additional  automation  to  reduce  the  labor  costs.  Single-stage  and  double-stage 
IBAD  deposition  equipment  schemes  show  that,  for  canopies,  the  single-stage  manufacturing 
costs  are  lower  at  most  deposition  rates,  while,  for  solar  reflector,  double-stage  manufacturing 
could  be  economically  feasible  under  certain  conditions. 

A  cost  analysis  for  canopies  is  presented  in  which  each  canopy  has  an  assumed  area  of  105  ft^ 
(9.75  m^),  and  is  coated  with  an  AljOj  ceramic  coating  thickness  of  4|im,  using  one  line  of 
equipment  at  full  capacity,  with  no  downtime  and  no  scrapped  substrates.  If  the  deposition  rates 
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can  achieve  600  A/sec,  the  cost  to  coat  500  canopies  would  be  around  $2000  per  unit.  For  low 
deposition  rates  of  20  A/sec,  the  unit  cost  rises  to  about  $3000.  Since  high  production  volumes 
of  canopies  are  required  to  achieve  lower  cost,  this  technology,  while  perhaps  technically 
superior,  may  not  prove  economically  viable  due  to  low  fleet  demands  and  the  high  specificity  of 
other  coating  requirements  for  different  aircraft  canopies.  The  question  remains  as  to  whether 
investors  or  government  agencies  are  willing  to  incur  an  additional  cost  to  coat  aircraft  canopies 
for  enhanced  performance  and  lifetime. 

A  cost  analysis  for  solar  reflector  layered  structures  which  include  metallic  interlayers  of  copper 
and  silver  on  a  PET  substrate  is  presented  for  larger  web  areas  of  8400  ft^  (730  m^).  Using  one 
line  of  single-stage  equipment  at  maximum  capacity  with  no  downtime  and  100%  yield,  only  the 
manufacturing  cost  of  the  1  |im  ceramic  coating  thickness  falls  below  the  desired  $l/fFgoal  at 
deposition  rates  greater  than  600  A/sec.  At  the  higher  annual  production  volume  of  5  MSF,  the 
cost  of  1  |im  coated  materials  is  reduced  to  $0.35/  ft^  for  rates  greater  than  600  A/sec.  If  the 
1  p.m  and  2  |im  coated  reflector  materials  prove  technically  superior  than  the  competition,  the 
economic  analysis  indicates  significant  incentive  for  investment  in  the  development  of  high  volume 
production. 
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Abstract 

This  report  summarizes  the  work  performed  at  the  Naval  Research  Lab  (NRL)  under  ARPA 
order  A680,  an  element  of  the  Advanced  Coatings  Technology  Program  contract  with  SAIC 
(McLean  VA).  NRL’s  role  was  to  evaluate  the  tribological  properties  of  hard,  transparent 
coatings  on  a  variety  of  substrates,  including  plastics.  We  developed  mechanical  testing 
procedures  that  would  predict  performance  of  coatings  under  a  variety  of  adverse  conditions. 
The  procedures  enabled  us  to  determine  the  hardness,  adhesion,  toughness  and  abrasion 
resistance  of  coatings  on  plastic  substrates  like  polycarbonate  and  hard  substrates  like  glass. 

EXECUTIVE  SUMMARY 

Background. 

Armstrong  World  Industries  had  developed  a  hard,  transparent  coating  deposited  by  ion-beam- 
assisted  deposition  (IBAD)  capable  of  protecting  both  metals  and  plastics  from  wear  and 
corrosion.  Based  on  potential  environmental  benefit,  ARPA  funded  a  program  to  scale  up  the 
coating  process.  SAIC  would  develop  an  ion  source  for  scale-up  and  Armstrong  would  optimize 
the  process  for  candidate  DOD  applications.  NRL’s  task  was  to  devise  testing  procedures  for 
evaluating  the  mechanical  properties  of  coated  materials  and  provide  feedback  to  Armstrong  for 
process  optimization. 

Technical  Approach. 

NRL  used  three  mechanical  testing  procedures  for  evaluating  the  mechanical  properties  of 
micron-thick  hard-coatings.  The  procedures  were  indentation,  scratch,  and  abrasion  testing. 
Instrumented  indentation  testing  was  implemented  during  the  last  quarter  of  the  project  after 
it  became  clear  that  the  a  new  methodology  was  needed  to  fully  characterize  the  properties  of 
thin  hard-coatings  on  the  softer  plastics. 


Summary  of  Accomplishments 


Mechanical  testing  demonstrated  that  changes  in  Armstrong’s  processing  parameters  led  to  higher 
hardness,  better  adhesion  and  higher  fracture  resistance  of  IBAD  AI2O3  coatings.  The  most 
significant  processing  changes  included  emphasizing  N2  gas  over  O2  gas,  optimizing  ion-to-atom 
ratio,  using  a  ion  probe  to  monitor  the  ion  current  and  pre-treating  substrate  surfaces  with 
cleaning  solutions  or  energetic  ions  (documented  in  the  Armstrong  final  report).  During  this 
period,  we  identified  the  methodologies  most  suitable  for  measuring  the  mechanical  properties 
of  thin  hard-coatings  on  plastics  and  glass  (see  Table  1).  We  also  determined  the  stress  state 
(both  intrinsic  and  thermal-induced)  of  the  coatings  as  well  as  the  fracture  toughness  of  coated 
substrates.  The  best  coatings  were  shown  to  be  very  adherent,  to  have  hardness  values  around 
18GPa,  and  to  be  two  to  four  times  as  abrasion  resistant  as  polycarbonate. 

MAIN  REPORT 

1.  Introduction 

Armstrong  World  Industries  developed  an  environmen tally-friendly,  hard,  transparent  coating 
capable  of  protecting  both  metals  and  plastics  from  wear  and  corrosion.  If  the  process  to  produce 
this  coating  could  be  scaled  up,  hazardous  waste  generated  by  the  use  of  traditional  paints  and 
coatings  could  be  significantly  reduced.  However,  the  mechanical  properties  of  hard-coatings 
especially  on  soft  substrates  such  as  plastics  were  unknown.  Therefore,  NRL  was  tasked  with 
evaluating  the  mechanical  properties  of  micron-thick,  transparent  hard-coatings  on  a  variety  of 
substrates,  including  plastics.  The  purpose  of  the  evaluation  was  twofold:  1)  to  assess 
methodologies  for  obtaining  meaningful  mechanical  properties  of  thin  hard-coatings  on  pliable 
substrates  and  2)  to  provide  timely  feedback  to  program  participants  on  the  relationship  between 
coating  process  conditions  and  mechanical  properties. 

NRL  initially  addressed  the  first  goal  by  selecting  three  mechanical  testing  methods:  standard 
indentation  testing,  scratch  testing,  abrasion  testing.  These  three  tests  are  conventionally 
used  to  evaluate  hardness,  adhesion,  and  wear  resistance,  respectively.  In  addition,  indentation 
testing  can  be  used  to  evaluate  toughness  and  residual  stress  of  the  coating/substrate  system  such 
as.  Part  way  through  the  program,  it  became  clear  that  the  standard  hardness  testing  apparatus 
was  unable  to  fully  characterize  the  mechanical  properties  of  thin  hard-coatings  on  the 
elastically-softer  plastics.  Much  more  reliable  data  on  plastic  as  well  as  elastic  properties  of 
coated  substrates  [Ref.  1]  were  obtained  after  an  instrumented  indentation  machine  was  leased 
during  the  last  quarter  of  the  project.  NRL  also  initiated,  late  in  the  program,  stress  testing  and 


an  indentation  toughness  methodology  to  provide  semi-quantitative  measurements  of  the  stress 
state  and  toughness  of  the  coatings. 

The  coatings  evaluated  were  primarily  AI2O3  grown  by  Armstrong  using  ion-beam-assisted 
deposition  (IBAD).  Mechanical  tests  were  also  performed  on  magnetron-sputtered  AI2O3 
(produced  by  SAIC)  and  a  few  commercially-available  coatings.  Most  of  the  testing  was 
performed  on  coated  polycarbonate  and  coated  glass,  with  some  testing  done  on  bare  reference 
substrates.  Early  in  the  program  coatings  on  both  plastic  and  glass  were  evaluated  using  all  tests, 
except  abrasion  testing,  in  order  to  determine  which  test  best  characterized  the  durability  and 
adherence  of  the  hard-coating.  These  results  were  used  to  identify  the  most  discriminatory  tests 
for  different  substrates  (see  section  3).  In  the  later  stages  of  the  program,  only  these 
discriminatory  tests  were  performed. 

In  order  to  facilitate  the  second  goal  of  the  study,  mechanical  properties  measured  on  Armstrong 
and  SAIC  coatings  were  correlated  with  processing  parameters  such  as  bombardment  gas  (N2, 
O2  and  mixtures),  ion  bombardment  level,  coating  thickness  and  substrate  cleaning  methods  [See 
SAIC  report  for  summary].  The  results  were  reported  at  monthly  meetings,  which  allowed  rapid 
and  orderly  improvements  in  processing  parameters  and  sample  cleaning  procedures. 

2.  Experimental 

2.1  Apparatus 

Four  mechanical  testing  apparatus  were  used:  the  Wilson  Tukon  tester  for  standard  indentation 
testing,  the  Fischerscope  HlOO  for  instrumented  indentation  testing,  the  CSEM  Revetester  for 
scratch  testing,  and  a  modified  Buehler  Ecomet  III  for  abrasion  testing. 

The  Tukon  indentor  has  a  load  range  of  0. 1  to  500  N  and  can  accommodate  various  indentor  tips 
such  as  Knoop,  Vickers,  and  Brale.  The  Knoop  and  Vickers  indentors,  shown  in  figs.  1  and  2, 
respectively,  are  sharp-tipped,  while  the  Brale  indentor  is  blunt  (a  120°  cone  tipped  with  a 
sphere  of  0.2mm  radius).  The  indentor  is  driven  into  the  sample  to  a  preselected  load,  held  for 
15  sec,  and  retracted.  The  resultant  indent  must  then  be  evaluated  optically  to  measure 
impression  geometries  [Ref.  2]. 

The  Fischerscope  HlOO,  shown  in  fig.  3,  has  a  load  range  of  lE-4  to  IN  and  can  accommodate 
both  Vickers  and  Knoop  indentors.  Unlike  the  standard  indentation  testers,  the  instrumented 
tester  step-loads  the  indentor  up  to  the  preselected  load,  then  step-unloads  the  indentor.  The  step 


size  and  dwell  time  (time  held  at  each  step)  for  loading  and  unloading  can  be  selected.  The  load 
and  depth  of  each  step  is  automatically  recorded.  The  resultant  indent  can  be  evaluated  optically, 
as  well. 

The  CSEM  Revetester  has  a  load  range  of  1  to  100  N  and  typically  uses  blunt  styli,  such  as 
diamond  cones  with  spherical  tips  of  0.2,  0.5,  and  0.8  mm  radius.  The  stylus  is  driven  into  the 
sample  at  a  linear  loading  rate  up  to  a  selected  load.  The  sample  is  translated  to  produce  a 
scratch  either  after  the  maximum  load  is  achieved  or  during  the  ramping  of  the  load.  The  loading 
rate  and  translation  rate  are  adjustable.  The  normal  force,  tangential  force,  and  acoustic  emission 
of  the  stylus  is  continuously  monitored  (see  fig  4).  The  scratch  is  also  evaluated  optically. 

The  modified  Buehler  Ecomet  III  is  a  metallographic  polisher  which  rotates  samples  under  a 
dead  load  against  a  rotating  wheel.  The  speed,  load,  and  polishing  material  can  be  selected.  Up 
to  nine  samples,  including  three  reference  samples,  can  be  polished  at  one  time  (see  fig,  5).  The 
samples  are  weighed,  polished  for  a  specified  time,  and  re-weighed.  This  procedure  is  repeated 
until  the  coating  is  worn  through.  Weight  loss  is  measured  with  fig  precision  using  a  Mettler 
UM3  microbalance. 

2.2  Procedures 

Properties  measured  were  hardness,  effective  elastic  modulus,  critical  load  to  fracture, 
toughness,  residual  stress,  scratch  adhesion,  and  abrasive  wear.  The  definitions  of  and 
procedures  for  determining  these  properties  are  described  below.  It  should  be  noted  that  multiple 
indentation,  scratch  and  abrasion  tests  were  performed  per  load  per  sample  for  verification  of 
reproducibility. 

Hardness  is  defined  as  the  maximum  indentation  load  divided  by  the  area  of  permanent 
deformation  in  the  sample  (H=L/A).  For  standard  indentation  testing,  the  area  A  was 
determined  by  optically  measuring  the  length  d  of  the  longest  diagonal  of  the  residual  indent. 
For  Knoop  and  Vickers,  a  simple  geometric  relation  is  used  to  relate  d  to  A,  as  shown  in  figs, 
2  and  3.  For  instrumented  indentation,  two  values  of  hardness,  Hp  and  Hu,  are  determined:  Hp 
uses  the  depth  h_r’  which  is  extrapolated  from  the  initial  slope  of  the  unloading  curve  and  Hu 
which  uses  the  maximum  indentation  depth  h_t  (see  fig.  6).  The  area  A  is  determined  using 
geometric  calculations  similar  to  those  for  standard  indentation;  note  that  no  optical  measurement 
of  the  indentation  is  required. 


The  effective  elastic  modulus  is  defined  as  EI{\-iP-),  where  E  is  Young’s  modulus  and  u  is 
Poisson’s  ratio.  This  parameter  is  obtained  from  the  initial  unloading  slope  of  d  vs  L  in 
instrumented  indentation  [Ref.  3]. 

Critical  load  to  fracture  Lc  is  defined  as  the  average  load  required  to  initiate  cracking  outside 
the  indent.  Cracks  such  as  radial  and  circumferential  are  produced  in  brittle  coatings  using 
standard  indentation  with  sharp  and  blunt  indentors[Ref.  4  and  5],  as  indicated  in  fig.  7.  In 
some  cases,  such  as  with  glass  substrates,  care  must  be  taken  to  distinguish  between  cracking 
and  other  forms  of  coating  failure  (see  fig.  8).  For  the  sharp  indentors  radial  cracks  normally 
appear  at  comers  and  project  outward,  as  in  fig.  8.  This  allows  for  uncomplicated  determination 
of  Lc  by  optical  means.  For  blunt  indentors  the  critical  load  to  fracture  is  less  readily  identified 
due  to  the  non-uniformity  in  crack  location  and  type,  as  seen  in  fig.  9;  therefore,  determination 
of  Lc  usually  requires  the  addition  of  graphical  analysis.  By  plotting  maximum  crack  diameter 
versus  indentation  load  for  both  the  coated  and  bare  substrate,  as  shown  in  fig.  10,  one  can 
determine  Lc  as  the  load  at  which  the  slopes  of  the  two  curves  begins  to  differ.  Maximum  crack 
diameter  is  the  average  in  two  orthogonal  directions  of  the  length  between  maximum 
circumferential  or  radial  crack  extremes. 

Toughness  Kc  is  defined  as  the  resistance  to  crack  propagation  and  is  related  to  modulus, 
hardness,  load,  and  crack  size  as  shown  in  fig.  11.  The  load,  hardness  and  crack  length  are 
determined  from  standard  indentation,  as  noted  above. 

Residual  stress  is  defined  as  the  stress  added  to  the  system  after  deposition  of  the  coating.  It 

is  determined  by  two  techniques:  1)  multiple  indentation  as  developed  by  Gruninger,  et.  al[Ref. 

6]  and  2)  curvature  of  a  thin  wafer[Ref.  7].  The  Gruninger  technique,  fig.  12,  is  a  three  step 

method.  First  a  Vickers  indent  is  made  at  a  load  great  enough  to  produce  radial  cracking  in  a 

brittle  substrate,  then  the  coating  is  deposited,  and  finally  another  indent  is  made  at  the  same 

load.  The  toughness  is  measured  at  each  step  (see  fig.  12).  The  residual  stress  in  the  coating  is 

determined  by  the  difference  between  state  I  and  III  toughness  values,  normalized  by  coating 

thickness  (see  Ref.  ®).  For  the  second  technique,  a  flat,  circular  glass  cover  slip  was  coated,  then 

the  curvature  was  determined  optically  (see  fig.  13)  and  by  profilometry.  Residual  stress  o  is 

determined  by  „.2  , 

_  isr  1 

‘^~6(l-v)rf^ 

where  E,  v,  and  t  are  Young’s  modulus,  Poisson’s  ratio,  and  thickness  of  the  substrate, 
respectively,  d  is  the  coating  thickness  and  R  is  the  radius  of  curvature. 


Scratch  adhesion[Ref.8,9]  is  measured  by  a  critical  load,  defined  as  the  load  at  which  the 
coating  delaminates  from  the  substrate.  This  is  determined  by  ramped  load  scratch  testing  using 
a  translation  speed  of  5mm/min  and  a  ramp  of  1  to  lOON.  Optical  microscopy  was  used  to 
determine  the  initial  location  on  the  scratch  where  the  delamination  occurred;  this  point  was 
compared  against  friction  coefficient  and  acoustic  emission  responses  (see  fig.  4b). 

Abrasive  wear  is  defined,  in  this  case,  as  the  loss  of  coating  due  to  grinding  by  small  hard 
particles.  This  is  determined  by  comparative  thickness  reduction  of  coating  and  reference 
matenals  under  identical  abrasion  test  conditions.  Thickness  is  determined  from  the  weight  loss, 
specimen  geometry,  and  ideal  density  according  to  the  formula  shown  in  fig.  5.  The  ratio  of 
coating  loss  to  reference  material  loss  is  given  as  the  relative  wear  resistance  RWR[Ref. 
10,11,12].  Reference  materials  used  were  single  crystal  sapphire,  TiN  coated  Ni,  Cr 
plated  Ni,  bare  M2  steel  and  bare  polycarbonate. 


3.  Results  and  Discussion 

3.1  Methodologies 

The  methodologies  evaluated  in  this  study  are  summarized  in  Table  1 . 

3.1.1  Hardness 

Initial  tests  were  designed  to  determine  the  appropriate  working  load  for  hardness  measurements 
using  standard  indentation.  Armstrong  IBAD  AIA  on  polycarbonate  and  glass  substrates  were 
evaluated  over  a  load  range  of  .  1  to  SON.  It  was  found  that  Vickers  indentation  led  to  excessive 
penetration  at  all  loads  and  was,  therefore,  eliminated  as  a  hardness  test  method.  Knoop 
indentation  at  higher  loads  on  both  polycarbonate  and  glass  led  to  excessive  penetration  into  the 
substrate.  At  the  lowest  loads  Knoop  resulted  in  appreciable  uncertainty  in  the  measured 
hardness  values.  Therefore,  0.5N  (SOgf)  was  chosen  to  balance  depth  of  penetraUon  vs 

reproducibility.  The  SOgf  Knoop  hardness  (HK  50)  on  polycarbonate  and  glass  is  reported  in 
Tables  2  and  3. 

As  can  be  seen  from  Table  2,  the  depth  of  penetration  on  coated  polycarbonate  was  typically 
4fim,  which  IS  roughly  identical  to  coating  thickness.  In  order  to  minimize  substrate 
contnbutions  to  coating  hardness,  the  depth  of  penetration  should  be  less  than  0.2  of  the 
thickness[Ref.  1].  Other  difficulties  with  50gf  Knoop  indentation  on  polycarbonate  were 
distortion  of  the  indentation  shape  (a  7: 1  diagonal  ratio  was  not  maintained)  and  formation  of 


lateral  cracks.  Thus  standard  Knoop  indentation,  as  defined  above,  was  not  an  acceptable  method 
for  hardness  determination  of  the  coatings  on  polycarbonate. 

The  depth  of  penetration  for  the  coatings  on  glass  was  usually  about  0.25  the  coating  thickness, 
as  seen  in  Table  3.  Therefore,  standard  Knoop  indentation  gave  reasonable  hardness  values  for 
the  coatings  on  glass.  However,  even  at  50gf  the  hardness  values  were  susceptible  to  low  load 
measurement  errors.  To  obtain  hardness  values  on  coated  polycarbonate  and  to  improve 
reliability  of  the  values  on  coated  glass,  instrumented  indentation  tests  were  initiated. 

Instrumented  indentation  was  performed  over  a  load  range  of  4  to  lOOOmN.  The  depth  of 
penetration  varied  over  this  load  range,  and  the  transition  from  coating  only  to  coating  plus 
substrate  hardness  was  observed.  For  coated  polycarbonate  and  glass  the  measurement  error, 
even  at  very  low  loads,  was  smaller  than  in  standard  indentation.  Under  comparable  loads  (0.1 
to  IN)  instrumented  Knoop  indentation  gave  similar  hardness  values  as  standard  Knoop 
indentation,  as  shown  for  polycarbonate  in  fig.  14.  Furthermore,  it  was  found  that  instrumented 
indentation  could  be  performed  with  Vickers  indentors  without  unacceptable  substrate 
contributions.  Knoop  and  Vickers  hardness  on  polycarbonate  vs  normalized  depth  (maximum 
indentation  depth/ thickness)  are  plotted  in  fig.  15.  Vickers  indentation  was  more  reproducible 
and  more  clearly  distinguished  the  point  at  which  the  substrate  began  to  influence  the  hardness 
values  (the  drop  at  depth/thickness  =  0.6).  Also,  Vickers  indentation  was  able  to  effectively 
probe  hardness  over  a  greater  range  of  depth/thickness.  It  is  believed  that  Vickers  was  less 
susceptible  to  vibration  and  surface  effects.  In  the  range  where  Knoop  and  Vickers  can  be 
compared  the  hardness  values  are  similar. 

3.1.2  Effective  elastic  modulus 

The  effective  elastic  modulus  was  measured  on  coated  polycarbonate  and  glass  using  Knoop  and 
Vickers  indentors.  The  effect  of  indentor  type  on  the  modulus  vs  normalized  depth  for  coated 
polycarbonate  is  seen  in  fig.  16.  As  with  hardness,  the  Vickers  data  cover  a  greater  effective 
range  and  more  clearly  distinguish  the  onset  of  substrate  influence.  Again,  the  modulus  values 
are  similar  for  both  indentor  types. 

3.1.3  Indentation  fracture  &  adhesion 

Standard  Vickers  indentation  on  coated  polycarbonate  and  glass  was  first  used  to  evaluate  critical 
load  to  fracture.  The  critical  load  for  radial  crack  formation  of  several  coated  polycarbonates  is 
shown  in  fig.  17.  Unfortunately,  cracking  could  not  be  reliably  induced  at  reasonable  loads  (1 


to  SON);  at  higher  loads  (100  to  400N)  the  indents  were  too  large.  On  coated  glass,  radial  cracks 
were  readily  created  at  a  reasonable  load  range.  Also,  Vickers  indentation  could  discriminate 
between  well  and  poorly  adhering  coatings  on  glass,  as  seen  in  fig.  8. 

Standard  Brale  indentation  of  coated  polycarbonate  reliably  produced  radial  and  circumferential 
cracks  under  moderate  loads  (see  fig.  9).  Note  that  at  0.6kgf  only  circumferential  cracks  are 
produced,  while  at  Ikgf  one  of  the  coatings  (the  commercial  ITO/Au  coating)  has  begun  to 
exhibit  radial  cracks.  In  some  cases,  Brale  indentation  resulted  in  decohesion  of  the  coating,  but 
no  systematic  study  of  this  phenomenon  was  performed.  Brale  indentation  on  glass  was  not 
studied. 

3.1.4  Toughness  and  residual  stress 

Toughness  and  stress  were  evaluated  on  coated  glass  coupons  only  by  Vickers  indentation  over 
a  load  range  of  10  to  50N.  As  noted  in  3.1.3  the  vickers  indentor  does  not  produce  fracture  in 
coated  polycarbonate. 

Residual  stress  measurements  on  glass  coverslips  were  easier  to  obtain  and  more  reliable  using 
profilometry  to  determine  curvature  than  using  optical  means. 

3.1.5  Scratch  adhesion 

Scratch  adhesion  tests  were  performed  on  coated  polycarbonate  and  glass.  While  the  scratch 
tracks  on  polycarbonate  could  be  analyzed  for  delamination,  those  on  glass  could  not  due  to 
substrate  fracture.  Three  diamond  styli  (0.2,  0.5,  and  0.8mm  radius)  were  used  to  scratch  on 
coated  polycarbonate.  Delamination  occurred  at  very  low  loads  ( <  20N)  over  a  limited  range 
with  the  0.2  and  0.5mm  styli,  which  complicated  data  analysis.  The  0.8mm  radius  stylus  resulted 
in  delamination  over  a  range  of  55  and  80N;  failure  over  this  larger  range  allowed  easier 
discrimination  of  features  due  to  fracture  and  decohesion. 

Fig.  18  shows  the  friction  coefficient  and  acoustic  emission  response  during  scratching  of  bare 
and  coated  polycarbonate,  as  well  as  an  optical  image  of  the  scratch  on  coated  polycarbonate. 
Unlike  the  bare  polycarbonate  which  shows  high  friction  and  no  acoustic  emission,  the  coated 
sample  shows  a  plateau  in  friction,  followed  by  a  small  rise  and  small  acoustic  emission  activity, 
then  larger  acoustic  activity  followed  by  another  rise  in  friction.  These  plateaus  can  be  correlated 
with:  1)  tensile  cracking  of  the  coating  at  lowest  loads,  followed  by  2)  radial  cracks  outside  the 
track  then  conformal  cracking  inside  the  track,  followed  by  3)  decohesion  of  small  pieces  of  the 


coating  inside  the  track.  The  large  drop  in  acoustic  emission  at  high  loads  in  fig.  18, 
corresponds  to  complete  removal  of  the  coating.  The  fracture  and  decohesion  behavior  of  hard- 
coatings  on  polycarbonate  are  consistent  with  similar  effects  seen  on  hard-coated  metals  and 
ceramics  (see  fig.  19).  These  observations  were  made  but  not  fully  utilized  in  the  evaluation  of 
coatings. 

3.1.6  Abrasive  weai' 

Abrasive  wear  was  measured  for  coatings  on  polycarbonate,  sapphire,  and  steel.  Tests  were 
performed  at  loads  of  1,  2,  and  4N  (2.85  to  11.4kPa)  in  ambient  atmosphere  using  3  and  30/im 
diamond  in  paraffin  oil  on  Texmet  cloth.  For  coated  polycarbonate,  the  RWR  technique  did  not 
give  satisfactory  results  because  the  polycarbonate  absorbed  moisture  which  complicated  the 
weight  loss  measurements.  For  example,  on  going  from  vacuum  storage  to  storage  in  an  ambient 
of  50%  RH  a  polycarbonate  sample  gained  500/ig,  which  was  0.1%  of  its  initial  mass.  Also,  the 
coatings  on  polycarbonate  occasionally  chipped  at  the  edges  of  the  plastic,  leading  to  accelerated 
wear.  RWR  measurements  on  coated  sapphire  and  steel  were  straightforward  and  reliable. 
Neither  diamond  size  nor  load  appeared  to  appreciably  affect  wear  rate. 

3.2  Coating  performance 

The  most  important  results  of  the  mechanical  testing  are  summarized  and  discussed  in  this 
section. 

3.2.1  IBAD  AI2O3  coatings 

Instrumented  indentation  showed  that  the  Armstrong  coatings  increased  the  deformation 
resistance  of  the  polycarbonate,  as  can  be  seen  in  fig.  20.  For  all  four  coating  thicknesses 
shown,  the  coating  reduced  the  indentor  penetration  depth  in  the  early  stages  of  loading.  As 
coating  thickness  increased,  the  resistance  to  deformation  increased,  as  would  be  expected.  Note 
that  the  thickest  coating  nearly  eliminated  all  plastic  deformation  of  the  system  under  the  test 
conditions. 

Over  time,  Armstrong  altered  processing  parameters  which  resulted  in  increased  hardness  of  the 
coatings  on  polycarbonate  and  glass,  as  seen  in  fig.  21  and  Table  4.  On  polycarbonate,  the  best 
coatings  had  a  hardness  Hp  up  to  19GPa  and  effective  elastic  modulus  between  30  and  40GPa. 
The  coating  hardness  values  on  polycarbonate  are  a  factor  of  two  greater  and  the  modulus  values 
are  a  factor  of  4  to  6  less  than  for  IBAD  and  sputtered  amorphous  AI2O3  films  on  hard  substrates 


reported  in  the  literature  [Ref.  13,14].  The  higher  hardness  may  be  due  to  optimization  of 
the  coating’s  mechanical  properties;  the  lower  modulus  is  likely  due  to  the  contribution  from  the 
underlying  polycarbonate,  whose  modulus  is  about  2GPa.  In  fact,  the  modulus  measurement  may 
be  interpreted  as  a  measure  of  the  increased  surface  stiffness  of  IBAD  Al203-coated 
polycarbonate.  Similar  hardness  values  but  higher  elastic  modulus  values  were  measured  on 
coated  glass  substrates. 

A  similar  trend  in  Critical  load  versus  process  history  was  observed.  For  example,  coating 
adhesion  to  polycarbonate  increased  substantially  after  Armstrong  began  to  monitor  the  ion  beam 
current  continuously  during  the  deposition  process  (August  1994).  Coatings  prepared  after 
August  1994  had  critical  load  to  fracture,  Lc,  values  of  3  to  4kgf,  more  than  double  the  highest 
Lc  values  (<  1.5kgf)  of  coatings  produced  earlier  in  the  program. 

Table  4  shows  the  effect  of  changing  bombardment  gas  species  and  current  on  coating  properties 
while  holding  all  other  deposition  conditions  fixed  (see  SAIC  report  for  deposition  conditions). 
Overall,  the  coatings  with  the  best  performance  in  hardness  and  modulus  on  polycarbonate  were 
grown  under  normal  N2  bombardment.  It  was  also  found  that  for  both  gas  species  normal 
bombardment  produced  the  coatings  with  the  best  properties. 

As  mentioned  above,  the  true  hardness  and  modulus  (normalized  to  depth  over  thickness)  are 
independent  of  coating  thickness.  However,  Lc  generally  increased  as  the  coating  thickness 
increased,  as  seen  in  fig.  22.  The  one  exception,  was  for  an  S/xm  thick  coating  which  was  a  4/im 
thick  coating  grown  on  a  pre-existing  4jum  coating. 

The  measured  toughness  and  residual  stress  of  the  coatings  on  glass  are  summarized  in  Tables 
5  and  6.  In  all  cases  the  residual  stress  is  compressive.  The  contribution  to  the  residual  stress 
due  to  differential  cooling  of  the  coating  and  substrate  after  deposition  was  calculated  [Ref.  \ 
Table  7  shows  the  thermal  contribution  to  the  residual  stress  at  two  different  deposition 
temperatures;  note  that  the  thermal  stress  is  tensile.  The  total  residual  stress  is  the  sum  of  the 
thermal  stress  and  the  intrinsic  stress  (growth  stress).  As  seen  in  fig.  23,  the  intrinsic  stress  of 
the  coating  is  compressive  and  ranges  between  150  and  210MPa.  In  general,  a  small 
compressive  stress  is  beneficial  to  coating  wear  performance[Ref.  15]. 

The  relative  wear  rates  of  the  coatings  are  shown  in  fig.  24.  The  Armstrong  coatings  clearly 
wear  more  slowly  than  bare  polycarbonate,  but  not  as  slowly  as  bare  sapphire. 


3.2.2  Magnetron  sputtered  AI2O3  coatings 


Magnetron  sputtered  films  on  glass  substrates  were  evaluated  primarily  for  hardness,  modulus, 
and  critical  load.  The  coatings  grown  without  a  good  heat  sink  (hot)  during  deposition  were 
harder  and  had  higher  Lc  values  than  similar  coatings  prepared  with  a  good  heat  sink  (cool),  as 
shown  in  Table  8.  Also,  the  hot  coatings  had  a  ringed  appearance;  rings  appeared  directly 
beneath  the  sputter  target.  These  regions  had  higher  hardness  and  higher  Lc  than  areas  outside 
the  ring,  as  seen  in  fig.  25.  The  hot  coatings  were  harder  than  the  Armstrong  IB  AD  coatings 
(compare  Table  2).  Deposition  at  higher  temperatures  is  expected  to  crystallize  AI2O3  resulting 
in  higher  hardness  and  modulus  [Ref.  16];  in  fact.  X-ray  diffraction  confirmed  the  existence 
of  small  AI2O3  crystallites  in  the  hot  coatings. 

4.  Conclusions 

Methodologies  were  developed  to  evaluate  mechanical  properties  of  IBAD  AI2O3  and  other 
protective  coatings  on  plastics  and  glass.  These  tests  gave  feedback  to  Armstrong  that  allowed 
them  to  improved  processing  parameters. 


Fischerscope,  Model  HIOO. 


TABLE  2 


TABLE  2  cont. 


INDENTATION  AND  FRACTURE  OF  AI203  FILMS  ON  GLASS  SUBSTRATES 

Sample  ID  # 

Deposition 

Type 

Thickness, 

Depth 

HK  50 

Critical  Load 

(urn) 

(urn) 

(GPa) 

(kgf) 

AR94-8-25 

N2 

Continuous 

4 

Inside  magnet  ring 

4 

0.6 

21.2 

0.6  ±  0.2 

4 

0.8 

12.0 

0.6  ±  0.2 

II  Outside  magnet  ring 

4 

0.9 

9.2 

0.6  ±  0.2 

^High  rate  Magnetron  || 

13/7/94-1 

"HR" 

2-1- 

1.0 

7.3 

0.55 

1 5/7/94-2 

"HR" 

3.2 

0.9 

8.7 

0.65 

5011307 

"HR" 

0.6 

1.1 

6.6 

0.30 

S  REFERENCE  \ 

I- 

Knoop 

@  50gf ) 

Vickers 

SDC 

Dip 

primer  -1-123 

Stand. 

3.7 

*0.5-1 .0 

<  0.1 

Dip 

primer  -h  1 23 

thinner 

2.7 

1.1 

<  0.1 

Dip 

primer  1 23 

thicker 

3.0 

0.8 

<  0.1 

Dip 

1.4 

4.0 

<  0.1 

Dip 

123 

3.2 

'0.7  -  1 .0 

<  0.1 

Micrscope  slide 

1.2 

5.1 

0.20 

IjSingle  Crystal  Sapphire 

0.8 

24.2* 

<  0.1 

$  No  N«wton  Rings 
*  Moons  lOOgf 


fomuloo:  KHN  ^  14.101*L(kgf)A‘2(mtni 
Depth  1/30 


formUa«:KHN  -  1d.101*Ukgf)/!*2(mml 


e^ritArtA 


TABLE  4 


Critical  load,  toughness,  K3,  and  film  stress,  (J(  of  IB  AD  Ai203  coatings  on  annealed 
glass,  from  Vickers  indentation  measurements.  Toughness  and  film  stress  calculated 
at  2  loads:  2  and  4  kfg.  Method  of  Gruninger,  et  al. _ _ 


tf  ifJ-m) 

K 

K,  (MPa-m 

Of  (MPa) 

(kgf) 

2  kgf 

4  kgf 

2  kgf 

4  kgf 

0 

0.52  ±  0.04 

0.49  ±  0.02 

(no  film,  no  stress) 

0.65  ±  0.01 

0.61  ±  0.02 

-33  ±  5 

-24  ±2 

2.5 

0.4 

0.70  ±  0.02 

0.67  +  0.04 

-28  ±  3 

-32  ±  6 

4.1 

0.84  ±  0.04 

0.88  ±  0.04 

-80  ±  13 

-94  ±  10 

0.6 

0.93  ±  0.06 

0.83  ±  0.02 

-90  ±  15 

-82  ±  12 

8.0 

0.1 

1.21  ±  0.2 

0.92  ±  0.06 

-136  ±  40 

-84  ±  11 

M.F.  Gruninger,  B.R.  Lawn,  E.N.  Farabaugh  and  J.B.  Wachtman,  Jr.,  J.  Am.  Ceram,  Soc.  70  (1987)  344. 


TABLE  5  HARDNESSES,  .ELASTIC  MODULUS,  %  ELASTIC  WORK  VALUES  FOR  IBAD  AL203 
COATED  polycarbonate  AND  REFERENCE  SAMPLES.  VICKERS  DATA  TAKEN  AT  L  =  25 


TABLE  6 


Measured  curvature,  R,  and  coating  stress,  cTf,  of  Armstrong  IBAD 

AI2O3  films  of  glass  coverslip. 

CSD# 

Thickness,  tf  (fim) 

R  (m) 

Stress,  CTf  (MPa) 

95-1-22 

1.2 

-(4.9  ±  5) 

-121  ±  120 

95-1-39 

2.5 

-(4.5  ±  7) 

-64  ±  100 

94-12-2 

4.1 

-1.1 

-163 

94-12-7 

6.6 

-(0.78  ±0.10) 

-138  ±  20 

using  the  following  values: 

E;=  74.5  GPa;  j.,  =  0.22;  t,  =  0.21  mm 
*  data  supplied  by  Fisher  Seientific,  95-01-27. 

RESULT:  COATINGS  ARE  COMPRESSIVE. 

NOTE:  Large  errors  in  measured  R  due  to  assymetric  "bulge"  in  glass: 
probably  our  fault  for  assuming  glass  was  symmetrically  flat  before  deposition. 

TABLE  7 


UPDATED  CALCULATION: 


Calculated  thermal  stresses  in  AI2O3  coatings  on  glass 

Thermal  Coef.  Expansion, 

(1  X  10-^) 

Deposition  Tern] 

perature,  (°C) 

80 

120 

lA^ 

30  MPa 

53  •MPa 

*  data  supplied  by  Fisher  Scientific,  95-01-27. 
using  the  following  values  for  AUQ^: 

Off  =  8.5  X  10'^;  Ef  =  400  GPa;  Vf  =  0.24;  Final  temperature:  23°C 


RESULT:  THERMAL  EXPANSION  LEAVES 
COATINGS  IN  TENSION. 


Table  9  Mechanical  properties  of  aluminum  oxynitride  films  deposited  cool  and  hot  are  com 
pared  with  reference  materials 


Hp  (GPa) 

Hu  (GPa) 

E  (GPa) 

Lc  (gf) 

%N* 

Si(Ill) 

19 

7.8 

190 

<100 

Sapphire 

39 

15 

400 

<100 

_ 

Glass 

9.2 

3.7 

83 

200 

Hot  deposition# 

ARll-01 

38 

8.4 

180 

2500 

5 

ARll-05 

30 

7.4 

160 

1700 

15 

AR20-1 1 

21 

6.2 

130 

1400 

10 

AR20-13 

24 

6.2 

140 

na 

10 

AR20-08 

19 

^  5.5 

110 

1500 

10 

Cool  deposition 

AR02-19 

9 

3.9 

85 

200 

20 

AR02-17 

8.6 

3.8 

.  86 

<100 

20 

AR02-21 

8.9 

4 

89 

<100 

20 

AR02-22  .. 

9.7 

4.3 

95 

<100 

20 

AR02-20 

8.5 

3.8 

87 

<100 

10 

AR02-18 

10 

4 

88 

100 

10 

*Percent  nitrogen  in  gas  mixture  during  sputter  deposition 
#Measurements  performed  within  ring 
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The  two  most  common  microindentation  tests  are  the  Knoop  and  Vick¬ 
ers  tests.  The  Knoop  indenter  is  an  elongated  pyramid,  shown  in  Fig.  1 
The  hardness  is  obtained  from  the  surface  area  of  the  impression: 


KHN  = 


14.228P 


where  P  is  the  load  of  kgf  and  d  is  the  length  of  major  diagonal,  in  mm.  The 
ratio  between  the  dimensions  of  the  impression  is 

h/w/i=  1:4.29:30.53 


Factor  for  computing  hardness  number 

Recommended  g— f  range,  approx. 

Depth  of  indentation,  t  in  /Ltm 

g-f  ratio  to  obtain  the  same  t  2/5^ 

e.g. 


1854  (Eq.  2) 

200-15000 

d^/l 

200  g-f 


14229  (Eq.  3) 

25-1000 

L/30 

500  g-f 


Fig.  2.  (a)  Vickers  and  (b)  Knoop  hardness  indenters. 
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4a)  Schematic  illustration  of  the  scratch  method  for  adhesion 
measurement . 


BHrtRAT  BHuSHAN  AND  B.K.  GUPTA,  HANDBOOK  OF  TRIBOLOGY 
Materials,  Coatings,  and  Surface  Treatments,  1991, 
p.  15.55 


Normal  Load 
(N) 

4b)  Typical  Acoustic  Emission  &  Friction  Coefficint  load  signal. 
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VICKERS  INDENTS  IN  IBAD  AUO,-COATED  GLASS 
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rings,  i.e.,  into  coated  areas  of  the  glass. 


Fig,  9 

CRACK  PATTERNS  ON  COATED  PC:  NOMARSKI  PHOTOS 

Rockwell  diamond  (R^  =  0.2  mni)  at  Loads  =  0.6  and  1.0  kgf 


uir/  001 


Load  ( kgf ) 


Fig.  11 


INDENTATION  FRACTURE  TOUGHNESS 


1/2 

Kc=  0.016  X  (1)  * 

E  -  ELASTIC  MODULUS 

H  -  HARDNESS 

P  -  LOAD 

c  -  CRACK  LENGTH 


p  3/2 


B.R.  Lawn,  A.G.  Evans  and  D.B.  Marshall,  J.  Amer.  Ceram.  Soc., 
(1980)  574. 

G.R.  Antis,  P.  Chantikul,  B.R.  Lawn  and  D.B.  Marshall,  J .  Amer 
Ceram.  Soc.  64  (1981)  533. 


Fig.  12 


(A)  State  I:  Uncoated/Indented 

h— 2ci 


D 


(B)  State  H:  Indented/Coated 


(C) 


state  M:  Coated/ Indented 


M-F.  Gruninger,  B.R.  Lawn,  E.N.  Farabaugh  and  J . B Wachtman., 
J.  Am.  Ceram.  Soc.  ^  70L  (1987)  3 


Fig.  13 


Stresses  on  Coated  Wafer 


Plain  Wafer 


Coating  in  Tension 


Coating  in  Compression 


Measurement  of  Curvature  (  R  ) 


Hordness  {  GPo  ) 


3  Knoop  Hardness  Measurements 
on  4.1  um  I  BAD  film  on  glass 


Visual  (Fischer) 


H  Plastic  (Fischer) 


Visual  (Tukon) 


2.00 


0.00 


0.00 


0.02 


0.04 


0.06 

Load(kgf) 


0.08 


0.10 


Fig. 14 

Comparison  between  standard  indentation  and  instrumented  indentation 


0.12 


H  plastic.  GPa  |  I  H  plastic.  GPa 


Fig.  15 


Plastic  Hardness  vs  Normalized  Depth 


Maximum  Indentation  Depth/Thickness 


Plastic  Hardness  vs  Normalized  Depth 
IBAD  Alumina  on  Polycarbonate,  Knoop  Indentor 


Maximum  Indentation  Depth/Thickness 


COATING  ID 


Fig. 17 
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CRITICAL  LOAD  FOR  CRACK  FORMATION 
(Vicker’s  Indentation) 
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Fig.  19 


THE  RELAT(ONSHIP  BETWEEN  HARDNESS  AND  SCRATCH 
9  ADHESION 

E-  J.  BURNilTT  AND  D.S.  RICICERBY,  THIN  SOLID  FILMS  154  (19'87)  p.403 


Local  adhesion  failure 


Crack  forms  at  slider 
contact 


Adherent  coatings: 


P . D ,  substrate  bending 
failure 


Tensile  stress  at  back  of 
slider 


Sir  failure  modes  in  the  scratch  test  in  profile  and  plan  vie«s:(a) 

spaUing  (aflurc;  (b)  buckling  Culurc;  (c)  chipping  failure;  (d)  conformal  cradcing;  (c)  tensile  cracking. 


INDENTATION  DEPTH  0<m)  INDENTATION  DEPTH  (^m) 


lOOmN  60  STEPS 


VICKERS 


Fig,  20 


Hardness  (  GPa  ) 


Fig.  21 


Fig.  22 


Critical  Load  vs.  Coating  Thickness 
IBAD  AI203  on  annealed  glass 


SUMMARY:  STRESSES  OF  IB  AD  AI2O3  FILMS 

o  From  curvature  measurements,  measured  stresses  are 
compressive,  ranging  in  value  from 

120  <  lufl  <  160 

o  Thermal  stresses  place  the  coating  in  tension,  estimated 
to  be 


30  <  lor^l  <  53 

o  Intrinsic  stress  can  be  calculated  as 

*  From  curvature  measurements  and  thermal 

calculations,  intrinsic  stresses  of  IB  AD  AI2O3  are 
compressive,  ranging  in  value  from 


Polishing  Wear  Resistance 
Relative  to  Sapphire,  Diamond  Abrasive 
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Position  dependence  of  "hot”  Magnetron  sputtering  films 
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ABSTRACT 

Aluminum  oxynitride  films,  1  pm  thick,  are  deposited  onto  glass  substrates  by  planar  mag¬ 
netron  sputtering  from  an  alumina  target  in  a  mixture  of  nitrogen  and  argon.  One  set  of  films  is 
deposited  onto  glass  substrates  that  are  heat  sunk  to  a  holder,  whose  temperature  is  held  below 
100°C.  A  second  set  of  films  is  deposited  onto  glass  substrates  that  are  mechanically  clamped  to 
a  holder,  whose  temperature  is  allowed  to  rise  up  to  250°C.  Characterization  by  continuous  in¬ 
dentation  testing,  secondary  electron  microscopy,  and  x-ray  diffraction  reveals  significant 
differences  in  mechanical  properties  and  surface  structure  between  the  two  sets  of  films.  Films 
deposited  with  holder  cooling  have  a  smooth  surface  and  no  evidence  of  crystallinity;  films  de¬ 
posited  without  holder  cooling  have  etch  pits  on  their  surface  that  vary  with  position  across  the 
substrate.  The  later  films  show  crystallinity  and  have  twice  the  hardness  and  a  60%  greater  elas¬ 
tic  modulus. 

INTRODUCTION 

Alumina  is  a  hard,  inert,  transparent  ceramic.  These  properties  are  often  desirable  in  a 
protective  coating.  Alumina  films  with  bulk-like  properties  can  be  deposited  by  chemical  vapor 
deposition  (CVD)  but  high  (>800°C)  deposition  temperatures  are  required  [1].  Alumina  films 
can  also  be  produced  at  lower  temperatures  by  physical  vapor  deposition  (PVD)  techniques  such 
as  sputtering.  In  general  the  properties  of  alumina  films  deposited  by  PVD  techniques  are  infe¬ 
rior  [1].  Many  properties  of  films,  such  as  hardness,  adhesion  to  substrate  and  crystallinity 
depend  critically  on  deposition  conditions.  One  of  the  most  difficult  conditions  to  control  is 
substrate  temperature,  especially  when  the  substrate  is  a  relatively  poor  conductor,  such  as  glass. 

In  this  study  we  examine  the  mechanical  and  structural  properties  of  sputter-deposited 
aluminum  oxynitride  films  subjected  to  two  commonly  used  methods  of  thermal  management: 
simple  clamping  of  substrates  to  an  uncooled  holder  and  pasting  down  substrates  to  an  inten¬ 
tionally  cooled  holder.  Indentation  testing  is  used  to  determine  hardness,  elastic  modulus 
(defined  as  E/(l-u  ),  where  E  is  Young’s  modulus  and  u  is  Poisson’s  ratio)  and  indentation  frac¬ 
ture  toughness.  Secondary  electron  microscopy  (SEM)  and  x-ray  diffraction  (XRD)  are  used  to 
characterize  film  morphology  and  crystallinity.  Changes  in  the  properties  of  the  films  are  dis¬ 
cussed  in  terms  of  bombardment  and  thermal  effects. 

FILM  PREPARATION  AND  CHARACTERIZATION 

Films  are  prepared  by  the  technique  of  planar  magnetron  sputtering.  The  sputtering  system 
is  built  around  a  stainless  steel  chamber  approximately  15  liters  in  volume  pumped  by  a  50  1/s 
turbomolecular  pump  backed  by  a  mechanical  pump.  It  achieves  a  base  pressure  of  4x10'^  Pa 


A  2"  diameter  planar  magnetron  source  is  mounted  in  the  chamber  with  the  target  horizon¬ 
tal.  The  magnetron  is  driven  by  a  500  W  RF  power  supply  (13.56  MHz)  with  a  matching 
network.  The  target  is  alumina  of  purity  99.99%.  Substrates  are  held  horizontally  facing  the 
magnetron  target  at  a  distance  about  4  cm.  When  the  goal  is  to  maintain  a  low  substrate  tempera¬ 
ture,  the  substrate  is  mounted  with  silver  paste  to  an  aluminum  block.  The  block  is  clamped  with 
silver  paste  to  a  commercial  cold  finger  (15  cm  long,  2.5  cm  in  diameter).  When  compressed  air 
is  forced  into  the  cold  finger  during  deposition,  the  block  temperature  does  not  rise  above  1 00°C. 
If  neither  silver  paste  nor  compressed  air  are  used,  the  block  temperature  rises  to  nearly  250°C 
over  the  course  of  an  hour  long  deposition.  These  two  conditions  will  be  referred  to  as  cool  and 
hot  deposition.  The  holder  is  electrically  grounded. 

A  typical  deposition  begins  by  moimting  a  glass  substrate  (Erie  Scientific  microscope  slide) 
2-6  cm  in  size  on  the  holder.  The  glass  is  cleaned  by  rinsing  in  high  purity  alcohol.  After 
loading,  the  chamber  is  pumped  down  below  1x10’^  Pa  (8x10’^  torr)  before  begiiming  deposition. 
Substrates  are  not  sputter  cleaned  prior  to  deposition.  First  nitrogen  is  leaked  into  the  chamber  to 
reach  a  pressure  from  3.3x10'^  to  0.13  Pa  (0.25-1  millitorr).  Then  argon  is  leaked  to  bring  the 
total  pressure  up  to  0.67  Pa  (5  millitorr).  In  this  way  the  percentage  of  nitrogen  in  the  gas  mix¬ 
ture  is  set  from  5  to  20%.  The  RF  generator  is  set  to  maintain  a  constant  power,  typically  400  W. 
Sputtering  for  one  hour  deposits  a  film  about  1  pm  thick.  The  film  composition  is  not  deter¬ 
mined,  but  we  refer  to  the  films  as  being  aluminum  oxynitrides. 

A  SEM  is  used  to  view  the  films.  Films  are  analyzed  by  XRD  in  the  Seeman-Bohlin  ge¬ 
ometry. 

Hardness  and  elastic  modulus  are  measured  by  continuous  microindentation  [3]  with  a 
Fischerscope  HlOO  using  a  Vickers  indentor  [4].  The  shape  function  of  the  indentor  (the  area  as 
a  function  of  depth)  was  established  by  performing  test  indents  on  Si(l  1 1).  In  order  to  minimize 
the  effect  of  the  substrate  on  film  tests,  plastic  indents  are  kept  below  20%  of  the  film  thickness. 
In  this  study  we  report  two  hardness  numbers.  The  first  is  the  universal  hardness  (Hu),  defined 
as  the  load  divided  by  area  of  contact;  Hu  incorporates  both  elastic  and  plastic  resistance  to  de¬ 
formation.  The  second  is  the  more  traditional  plastic  hardness  (Hp),  which  here  is  calculated  as 
the  load  over  the  area  of  contact  subtracting  the  elastic  contributions  to  the  area  of  contact.  Elas¬ 
tic  modulus  is  derived  from  the  unloading  portion  of  the  load-displacement  curves. 

Another  mechanical  test  based  on  indentation  measures  the  ability  of  a  film  to  resist  frac¬ 
ture.  Vickers  indentation  is  performed  with  incrementally  increasing  maximum  loads  until  radial 
cracks  appear  at  the  comers  of  the  indent.  This  load  is  termed  the  critical  load  (Lc  ). 

RESULTS 

Surface  morphology,  structure,  and  mechanical  properties  are  found  to  depend  on  substrate 
temperature.  Films  deposited  cool  appear  smooth  and  uniform,  whereas  those  films  deposited 
hot  have  a  roughly  textured  appearance.  By  eye  the  morphology  manifests  itself  as  a  diffuse 
white  ring  approximately  2  mm  in  width  and  up  to  2  cm  in  diameter.  The  center  coincides  with 
the  axis  of  the  magnetron.  The  remainder  of  the  film,  inside  and  outside  of  the  ring,  is  clear  and 
transparent. 

SEM  images  show  that  films  with  a  ring  have  a  pitted  surface  morphology  on  a  micro¬ 
scopic  scale.  Figure  la-c  shows  that  inside  the  ring  the  surface  is  completely  peened,  but  with 
increasing  distance  from  the  center  of  the  ring  the  density  of  pits  drops.  The  ring  seems  to  be  an 
optical  effect  caused  by  light  scattering  from  pitting  of  a  certain  density  (see  Figure  lb). 


Figure  1.  SEM  images  of  surface  of  aluminum  oxynitride  film  deposited  hot.  The  density  of pits 
varies  with  position  across  the  film  (a)  position  inside  ring  visible  by  eye,  (b)  position  on  ring, 
(c)  position  outside  ring. 


Figure  2  compares  XRD  spectra  of  representative  films  deposited  cool  and  hot.  Only  the 
film  deposited  hot  has  features  that  indicate  crystallinity.  Line  broadening  prevents  identification 
of  the  phase(s)  present.  Several  aluminum  oxide  and  aluminum  nitride  polymorphs  are  consis¬ 
tent  with  the  features.  Based  on  the  width  of  the  features  we  can  conclude  that  either  the 
crystallites  are  as  small  as  10  nm  and/or  are  highly  stressed. 
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Figure  2.  X-ray  diffraction  spectra  shows  crystallinity  for  film  deposited  without  holder  cooling. 

Films  deposited  hot  have  mechanical  properties  that  vary  with  position  across  the  ring. 
Figure  3  a  shows  that  the  hardness  of  the  film  increases  as  one  moves  closer  to  the  center  of  the 
ring.  The  location  and  width  of  the  ring  is  represented  by  gray  bars  at  the  bottom  of  the  plot. 
Each  data  point  represents  the  average  of  four  continuous  indentations,  made  in  a  row  along  a 
ring  diameter;  therefore  the  ring  is  crossed  twice.  The  data  points  at  the  two  ends  of  each  plot 
correspond  to  regions  of  bare  glass  where  clamps  used  for  mounting  the  substrate  mask  the  film. 
The  same  trends  in  film  mechanical  properties  are  observed  in  a  row  away  from  the  clamps. 

Figure  3b  shows  that  the  elastic  modulus  has  less  variation  along  the  same  row.  We  find 
that  hardness  and  elastic  modulus  values  across  the  ring  have  greater  dispersion  than  outside  the 
ring.  This  may  be  caused  by  the  rough  surface  texture  inside  the  ring.  Films  deposited  cool  have 
constant  hardness  and  modulus  values  at  all  positions.  They  Eire  also  much  softer  and  less  stiff . 


Distance  From  Center  (mm)  Instance  From  Center  (mm) 


Figure  3.  Microindentation  measurements  show  that  plastic  hardness  and  elastic  modulus  are 
position  dependent  for  films  deposited  without  holder  cooling.  Measurements  are  made  along  a 
diameter  of  the  ring.  The  position  and  width  of  the  ring  is  identified  by  the  gray  bars  at  the  bot¬ 
tom  of  each  plot.  The  measurements  farthest  from  the  ring  center  correspond  to  masked  regions 
of  the  glass  substrate. 

Films  deposited  hot  also  have  a  position  dependent  critical  load.  The  critical  load  within 
the  ring  is  above  1400g.  Outside  the  ring  the  critical  load  drops  to  below  600g.  Films  deposited 
cool  have  critical  loads  below  200g.  Table  1  compares  Hp,  Hu,  E,  and  Lc  for  films,  deposited 
cool  and  hot,  with  Si(l  1 1),  glass  and  sapphire. 


*Percent  nitrogen  in  gas  mixture  during  sputter  deposition 
#Measurements  performed  within  ring 


DISCUSSION 

In  this  study  we  find  that  substrate  temperature  strongly  influences  the  properties  of  alumi¬ 
num  oxynitride  films  deposited  by  sputtering.  Films  deposited  cool  are  smooth  with  no  evidence 
of  crystallinity,  whereas  those  deposited  hot  are  pitted  eind  have  some  crystallinity. 

The  development  of  surface  morphology  on  films  deposited  by  sputtering  is  well  estab¬ 
lished  in  the  literature.  Depending  on  gas  pressure,  target  to  substrate  distance,  power,  and  total 
deposition  time,  surface  features  such  as  ripples,  rods,  cones,  pyramids,  and  pits  have  been 
documented  [5].  Energetic  bombardment  by  ions  and  neutral  particles  activates  the  surface  and 
causes  resputtering.  Etch  pits,  similar  to  those  seen  in  Figure  1,  are  often  initiated  by  preferential 
sputtering  at  dislocations  or  other  heterogeneous  features  on  an  otherwise  homogeneous  material 
surface.  Other  researchers  have  also  noted  the  development  of  a  ring  on  films  deposited  by  pla¬ 
nar  magnetron  sputtering.  Tominaga  et  al.  observed  a  ring  of  discoloration  concentric  with  the 
magnetron  axis  on  their  AIN  films  [6].  Based  on  time-of-flight  measurements  the  authors  iden¬ 
tified  bombardment  by  NO"  and  O’  with  development  of  the  ring. 

Films  deposited  either  cool  or  hot  are  presumably  subjected  to  the  same  bombardment 
conditions,  yet  a  pitted  surface  morpology  only  forms  when  films  are  deposited  hot.  This  sug¬ 
gests  that  pit  formation  is  influenced  by  the  substrate  temperature.  The  connection  may  be 
crystallization  that  occurs  at  a  higher  temperature.  Figure  2  shows  that  only  the  films  deposited 
hot  are  crystalline.  Bombardment  can  introduce  defects  into  a  crystalline  film,  and  continued 
bombardment  can  lead  to  etch  pits  at  the  defects  by  preferential  sputtering  [7].  Pitting,  similar  to 
that  shown  in  Figure  1,  can  be  seen  in  ion  bombarded  natural  alumina  [8].  In  contrast,  the  entire 
surface  of  a  growing  amorphous  film  is  defective;  therefore  no  selective  etching  can  occur  under 
the  same  bombardment  conditions. 

Films  deposited  at  above  1/3  of  the  melting  temperature  are  expected  to  be  crystalline. 
Franze  et  al.  reported  that  alumina  films  deposited  by  ion  beam  assisted  deposition  on  glass  show 
some  crystallinity  at  400°C  [9].  This  temperature  is  within  the  range  possible  for  the  unpasted 
substrate  on  an  uncooled  holder. 

The  mechanical  properties  can  also  be  explained  in  terms  of  crystallinity.  Studies  of  alu¬ 
mina  films  by  continuous  indentation  testing  indicate  that  the  plastic  hardness  of  amorphous 
films  is  about  half  that  of  crystalline  films  (about  7  to  10  GPa  and  20  GPa,  respectively  [1]); 
elastic  modulus  values  of  amorphous  films  are  from  half  to  a  third  of  crystalline  films  (140-250 
GPa  and  400  GPa,  respectively  [1,10]).  While  the  absolute  values  for  hardness  of  films  studied 
in  this  experiment  are  somewhat  higher,  the  ratios  are  consistent  with  literature  values.  The 
Vickers  indentor  and  the  machine  used  in  this  study  were  not  designed  to  measure  mechanical 
properties  accurately  at  depths  of  0.1  pm;  moreover,  no  special  precautions  were  taken  to  mini¬ 
mize  vibrations  and  thermal  fluctuations  during  data  acquisition.  The  increase  in  critical  load 
can  be  attributed  to  a  combination  of  increased  compressive  stress  applied  to  the  surface  and  im¬ 
proved  adhesion  of  the  film  at  higher  temperatures.  The  thermal  coefficient  of  alumina  is  greater 
than  that  of  glass.  Therefore,  on  cooling  the  film  applies  a  compressive  stress  to  the  glass  sur¬ 
face.  The  stress  is  proportional  to  the  temperature  drop  and  higher  deposition  temperatures  apply 
a  higher  stress.  Stress  may  also  be  introduced  by  energetic  bombardment  during  deposition. 

In  summary,  we  find  that  the  structural  and  mechanical  properties  of  aluminum  oxynitride 
films  depend  on  the  thermal  behavior  of  glass  substrates.  We  record  the  highest  hardness  and 
elastic  modulus  where  resputtering,  and  by  extension  bombardment  and  substrate  heating,  is 
most  intense. 
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Abstract-  Alumina  coatings,  2-8  pm  thick,  were  deposited  by  ion  beam  assisted  physical 
vapor  deposition  onto  polycarbonate  and  poly(methyl  methacrylate)  substrates.  Adhesion  of  the 
coatings  to  a  polycarbonate  substrate  was  typically  excellent,  whereas  adhesion  to  a  poly(methyl 
methacrylate)  substrate  was  always  poor,  even  under  identical  substrate  preparation  and 
deposition  conditions.  Poor  adhesion  was  characterized  by  flaking  under  light  abrasion. 
Treatment  of  the  polymer  substrates  by  either  hydrogen  plasma  or  oxygen  ion  bombardment 
prior  to  deposition  was  found  to  significantly  affect  adhesion.  Oxygen  ion  bombardment  of 
poly(methyl  methacrylate)  led  to  excellent  adhesion,  whereas  hydrogen  plasma  treatment  of 
polycarbonate  reduced  adhesion.  Analysis  by  atomic  force  microscopy  and  x-ray  photoelectron 
spectroscopy  suggest  that  the  treatments  affected  adhesion  by  forming  either  a  strong  or  weak 
boundary  layer  at  the  surface. 
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1.  INTRODUCTION 

Polycarbonate  (PC)  and  poly(methyl  methacrylate)  (PMMA)  have  many  desirable 
properties,  such  as  high  transparency,  low  density,  and  great  toughness.  However,  uncoated  their 
use  is  limited  by  low  resistance  to  surface  maring,  both  by  solvents  and  abrasion,  that  can 
quickly  block  transparency.  A  variety  of  commercial  coatings  have  been  developed  to  overcome 
this  limitation  [1-3].  Recently  there  has  been  renewed  interest  to  develop  harder,  more  abrasion 
resistant  coatings  for  plastics  based  on  vapor  deposited  glass  or  ceramic  [4].  For  good  abrasion 
resistance,  a  coating  should  be  at  least  4  pm  thick,  but  this  can  be  difficult  to  achieve  due  to 
cracking  or  poor  adhesion. 

A  great  deal  of  work  has  shown  that  polymer  activation  by  flame,  corona,  plasma,  or  ion 
bombardment  can  improve  coating  adhesion  [5-7].  In  most  instances  the  coating  was  a  metal  or 
a  thin  ceramic.  In  the  present  work,  the  effect  of  polymer  activation  on  adhesion  of  alumina 
coatings  thick  enough  to  offer  abrasion  protection  have  been  studied.  The  coatings  were 
deposited  by  ion  beam  assisted  physical  vapor  deposition  onto  PC  and  PMMA.  The  work 
derived  from  several  years  of  research  into  using  vapor  deposited  coatings  for  surface  protection 
[8,9]. 

2.  EXPERIMENTAL 

2.7  Coating  Deposition  System 

Alumina  coatings  were  deposited  onto  polymer  substrates  using  an  ion  beam  assisted 
physical  vapor  deposition  (IBAD)  system,  which  is  shown  schematically  in  Fig.  1.  The  IBAD 
system  included:  a  66  cm  wide  high-vacuum  chamber  assembly;  a  high  speed  pumping  system 
(CTI  Cryogenics  CT-10  cryopump  and  Alcatel  ZT  2033  mechanical  pump);  an  electron-beam 
evaporation  source  (Temescal  STIH-270-2MB  four-hearth  “Supersource,”  with  an  8  kWatt 
Temescal  CV-8  high-voltage  controller  and  e-beam  power  supply,  and  Temescal  XYS-8  sweep 
control);  a  cold  cathode  ionization  source  (Denton  Vacuum  model  CClOl  with  CClOlPS  power 
supply);  a  residual  gas  analyzer  (Inficon  Quadrex  200);  a  quartz  crystal  type  continuous 
deposition  rate  monitor/controller  (Inficon  IC6000);  and  an  electric  probe  to  periodically 
measure  ion  flux. 


Four  circular  substrate  holders  (diameter  20.3  cm)  were  affixed  to  a  planetary  rotation 
subsystem.  Samples  (typically  2. 5x2.5  cm  to  10x10  cm)  were  mounted  using  stainless  steel 
templates.  The  system  was  also  equipped  with  a  cooling  shroud  to  prevent  radiation  from  the 
electron-beam  source  from  heating  the  substrates  when  they  were  not  directly  over  the 
evaporation  source.  In  this  configuration  substrates  were  exposed  to  deposition  only  2  out  of 
every  1 0  seconds.  Substrate  temperature  could  not  be  directly  measured  during  a  run.  Instead  it 
was  estimated  based  on  measurements  from  thermocouples  moimted  in  the  vicinity  of  the 
substrate  holders. 

2.2  Materials^ 

Vapor  deposition  grade  alumina  was  obtained  from  either  E.  M.  Industries  as  99.9%  1-5  mm 
granules,  or  from  Cerac,  Inc.  as  99.8%  3-12  mm  pieces.  Oxygen  (Linde;  welding  grade)  was 
passed  through  an  in-line  molecular  sieve  trap  (Supelco,  Inc.)  to  remove  water  vapor,  and  argon 
(Linde  -  welding  grade)  was  purified  by  passage  through  an  in-line  cuprous  oxide  trap  to  remove 
oxygen,  and  by  an  in-line  molecular  sieve  trap  to  remove  water  vapor.  Hydrogen  and  oxygen 
(Air  Products,  ultra  pure  carrier  grade)  were  used  for  RF  plasma  treatment  without  further 
purification.  Special  cleaning  solutions  included:  2%  “MICRO”  detergent  solution  (International 
Products  Corp);  and  “Cyclone”,  a  detergent  solution  with  pH  13  (M.  Buten  &  Sons  Inc.). 

2.3  Substrates 

Fisher-brand  “precleaned”  glass  microscope  slides  were  used  as  “witness”  coupons  for  thickness 
measurement.  Polycarbonate  (PC,  “Hyzod”  and  “Tuffak”)  and  Poly(methylmethacrylate) 
(PMMA,  “Plexiglas”)  were  obtained  in  sheet  form  (6.35  mm,  3.18  mm,  and  1.59  mm  PC;  and 
3.18  mm  and  1.59  mm  PMMA)  from  Sheffield  Plastics  and  Atohaas. 

2.4  Substrate  Preparation  and  Pretreatment 

Polymer  substrates  were  cleaned  with  ‘Cyclone’,  then  rinsed  with  deionized  water  and 
alcohol  (methanol  or  isopropanol).  Glass  witness  coupons  were  cleaned  by  successive  5  minute 
ultrasonic  treatments  in,  respectively,  2%  “MICRO”  detergent  solution,  deionized  water,  acetone 
and  methanol,  and  then  dried  in  a  positive  pressure  hood  immediately  prior  to  use. 

Some  PC  substrates  were  further  treated  with  a  hydrogen  plasma  in  a  commercial  plasma 
cleaner  (Harrick  PDC-326).  The  plasma  cleaner  operated  by  inductively  coupling  the  output  of  a 
100  W  RF  generator  (13.56  MHz)  to  a  quartz  gas  cell  about  1  liter  in  volume.  The  specific 


treatment  conditions  were  2  and  6  minutes  of  exposure  using  100%  hydrogen  at  39.9  Pa  (300 
mTorr).  After  treatment  the  substrates  were  stored  in  containers  exposed  to  atmosphere.  Treated 
substrates  were  used  in  four  deposition  runs  performed  from  four  to  six  weeks  later.  The  coating 
thickness  in  these  runs  was  nominally  4  pm.  PC  substrates  not  pretreated  with  hydrogen  plasma 
were  included  as  controls.  Specific  information  about  these  coupons  is  contained  in  Table  1 . 

For  three  runs  PMMA  substrates  were  treated  by  oxygen  ion  bombardment  in  situ 
immediately  before  depositing  the  alumina  coating.  The  ion  source  was  set  to  600  V  and  660 
mA.  The  first  run  used  5  minutes  of  argon  ion  bombardment  (600  V  and  300  mA),  followed  by 
either  0,  0.5, 2,  or  10  minutes  of  oxygen  ion  bombardment  (coupons  95-3-73,  95-3-66,  95-3-59, 
and  95-3-52,  respectively).  The  second  run  used  5  minutes  of  argon  ion  bombardment  followed 
by  10  minutes  of  oxygen  ion  bombardment  (coupon  95-4-8).  The  third  run  followed  the 
procedure:  1  minute  argon  ion  bombardment,  vent  the  chamber,  pump  down  immediately,  2 
minutes  of  argon  ion  bombardment,  then  2  minutes  of  oxygen  ion  bombardment  (coupon  95-4- 
16). 

2.3  Coating  Process. 

A  typical  deposition  run  would  begin  by  pumping  overnight  to  reach  a  base  pressure 
around  1.3x10’^  Pa  (10'^  Torr).  After  performing  pretreatments,  if  any,  the  alumina  evaporation 
rate  would  be  set  corresponding  to  an  instantaneous  deposition  rate  around  1  nm/s.  During  this 
time  the  substrates  would  be  blocked  by  a  shutter.  Once  a  stable  rate  was  achieved,  the  shutter 
would  be  opened  to  begin  deposition.  After  completion  of  the  first  micron,  the  electron  beam 
and  ion  source  would  be  turned  off  and  a  new  crucible  rotated  into  place.  Only  after  the  chamber 
had  cooled  down  to  at  least  10°C  would  deposition  begin  on  the  next  micron.  By  following  these 
steps  a  coating  up  to  four  microns  could  be  deposited.  To  deposit  a  thicker  coating  the  chamber 
would  be  vented  to  reload  the  crucibles  and  continue  the  run. 

2. 6  Sample  Testing 

XPS  was  used  to  study  the  surface  chemistry  of  PC  and  PMMA,  and  the  effect  of  plasma 
or  ion  bombardment.  Spectra  were  obtained  on  a  Fisons  EscaLab  220-IXL  photoelectron 
spectrometer  with  a  monochromatic  A1  Ka  X-ray  source  (1486.6  eV)  and  a  600  pm  spot  size. 

The  polymers  were  analyzed  at  ambient  temperature  and  exhibited  no  sign  of  damage  during 
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measurements.  In  order  to  minimize  differential  charging,  photoelectrons  were  collected  through 
a  gold  screen  suspended  a  few  mm  above  the  sample  surface  [10].  The  take-off  angle  was  90°  for 
all  spectra,  which  corresponds  to  a  probe  depth  around  4  nm  for  C(ls).  Spectra  were  referenced 
to  the  C(ls)  peak  for  aliphatic  carbon  in  the  polymer,  which  was  assigned  the  value  284.6  eV. 
Chemical  state  information  was  deconvolved  by  a  nonlinear  least  squares  routine  using  Gaussian 
peaks. 

Atomic  force  microscopy  (AFM)  was  used  to  image  surface  morpholgy.  A  Nanoscope  II 
atomic  force  microscope  (AFM)  set  to  aquire  images  in  contact  mode. 

Coating  thickness  was  calculated  by  the  interference  fringe  method  from  Uv-Vis  spectra 
taken  on  a  Perkin  Elmer  Lambda  3  A  spectrometer.  The  calculations  assumed  the  index  of 
refraction  for  alumina  was  1.65.  Occasionally,  thickness  calculations  were  verified  by  scanning 
electron  microscopy  of  a  cross  sectional  fracture  of  a  coated  sample,  or  by  profilometry  of  a  step 
created  by  masking  the  substrate  during  deposition. 

Contact  angles  were  measured  with  a  Rame-Hart  contact  angle  goniometer  using  the 
sessile  drop  method  with  water.  At  least  three  spots  were  measured  and  averaged  for  each 
sample. 

In  this  study  coupons  were  judged  to  have  ‘good’  adhesion  if  the  coating  resisted  removal 
by  rubbing  with  steel  wool.  Those  with  ‘poor’  adhesion  showed  flakes  or  worm  tracks  without 
rubbing.  Two  coupons  judged  as  good  were  scratch  tested  using  a  CSEM  Revetester  in  order  to 
quantify  adhesion.  The  tests  were  performed  with  a  load  range  of  1  to  100  N  using  a  sapphire 
ball  (3.18  mm  diameter).  The  results  are  reported  in  terms  of  the  normal  and  tangent  forces 
necessary  to  cause  delamination.  Also  the  eritical  load  to  form  radial  cracks  was  determined 
using  a  Tukon  indentor  with  a  Brale  indentor  (sphere  0.2  mm  radius). 

3.  RESULTS 

The  coating  process  described  here  routinely  gave  alumina  coatings  on  imtreated  PC  that 
were  transparent,  strongly  adherent,  and  crack-free  up  to  8  pm  thick.  The  coatings  effectively 
protected  PC  against  scratching  by  steel  wool.  Identical  process  conditions  consistently  gave 
alumina  coatings  on  untreated  PMMA  that  completly  failed  to  adhere.  Without  rubbing,  intact 
flakes  several  millimeters  in  size  could  be  lifted  off  easily.  The  amount  of  flaking  correlated  to 
the  coating  thickness,  with  coatings  under  2  pm  showing  more  worm  tracks  than  flakes. 


Plasma  and  ion  bombardment  treatments  were  found  to  significantly  affect  adhesion. 
Pretreatment  of  PC  with  a  hydrogen  plasma  led  to  reduced  adhesion.  The  coating  appeared 
coarse  because  of  a  dense  pattern  of  worm  tracks  with  flaking  along  the  edges  of  the  tracks, 
however,  the  coating  continued  to  adhere  between  tracks.  A  tape  pull  removed  flakes  up  to  a  few 
hundred  microns  in  size. 

Flaking  from  PMMA  was  prevented  by  performing  oxygen  ion  bombardment  in  situ  prior 
to  alumina  deposition.  For  specific  ion  source  settings,  2  minutes  or  more  of  bombardment  lead 
to  an  adherent  coating,  while  30  seconds  gave  no  benefit. 

3. 1  Poly(methyl  methacrylate) 

3.1.1  XPS 

XPS  spectra  were  acquired  on  PMMA  substrates,  both  treated  by  oxygen  ion 
bombardment  and  untreated,  in  an  attempt  to  correlate  surface  chemistry  to  coating  adhesion. 
Spectra  were  also  acquired  from  the  interface  side  of  an  alumina  flake  removed  from  a  PMMA 
substrate. 

Survey  spectra  of  untreated  PMMA  revealed  only  carbon  and  oxygen.  Figure  2  shows 
high  resolution  spectra  of  the  C(ls)  and  0(1  s)  photolines  for  untreated  PMMA.  The  C(ls) 
spectrum  has  been  deconvolved  into  four  components,  following  the  work  of  Beamson,  Bunn, 
and  Briggs  [11].  The  components  correspond  to  the  chemical  composition  shown  in  the  figure 
inset:  the  aliphatic  bonded  Cl,  the  aliphatic  bonding  state  C2,  which  is  shifted  to  higher  binding 
energy  due  to  the  next  nearest  oxygen  influence  (so-called  (3-shift),  the  state  C3,  corresponding  to 
the  carboxyl  group,  and  finally  the  state  C4  corresponding  to  the  carbonyl  carbon.  Based  on  the 
stoichiometry  of  PMMA,  these  states  should  be  present  in  the  ratio  2:1:1:1,  respectively,  whereas 
2.0:1. 1:1. 0:1  was  recorded.  The  0(ls)  spectrum  was  fit  by  two  components,  01  corresponding 
to  carbonyl  and  02  to  ester.  These  two  states  should  be  present  in  the  ratio  1:1,  whereas  1.1:1 
was  recorded.  This  deviation  from  ideal  stoichiometry  has  been  reported,  but  not  fully  explained 
[12-14]. 

The  survey  spectrum  from  the  interface  side  of  an  alumina  flake  removed  from  a  PMMA 
substrate  revealed  carbon,  oxygen,  and  aluminum.  Figure  3  compares  the  C(ls)  and  0(1  s) 
spectra  of  the  flake  interface  to  untreated  PMMA.  It  reveals  that  the  characteristic  C(ls)  states 


associated  PMMA  are  also  present  on  the  flake  interface,  which  suggests  that  a  layer  of  PMMA 
remained  adhered  to  the  flake.  The  layer  could  not  be  thicker  than  the  XPS  probe  depth, 
otherwise  aluminum  would  not  have  been  visible  in  the  survey  spectum.  This  places  an  upper 
bound  around  5  nm  on  the  thickness  of  the  layer.  The  0(ls)  spectra  could  not  be  used  to 
corroborate  the  C(ls)  analysis  because  states  of  oxygen  bound  to  aluminum  contributed  to  the 
photoline. 

Figure  4  compares  C(ls)  and  0(ls)  spectra  of  PMMA  treated  by  oxygen  ion 
bombardment.  The  substrates  went  through  the  same  initial  treatment  as  coupons  95-3-73,  95-3- 
66,  95-3-59,  and  95-3-52  listed  in  Table  1,  except  for  deposition  of  the  alumina  coating.  We  note 
that  these  spectra  were  acquired  from  samples  exposed  to  atmosphere  for  several  weeks  after 
treatment,  whereas  the  coupons  were  immediately  coated  after  treatment.  The  effect  of  ageing 
and  atmospheric  exposure  on  adhesion  was  not  investigated. 

The  C(ls)  spectra  of  treated  PMMA  showed  significant  broadening  compared  to 
untreated  PMMA.  The  spectra  could  not  be  adequately  represented  by  only  four  components. 
This  suggests  that  a  range  of  oxygen  functionalities  were  formed,  which  is  supported  by  the 
broad  0(ls)  spectra.  In  spite  of  this,  the  basic  lineshape  of  PMMA  was  still  evident,  which  is 
evidence  that  the  surface  was  not  totally  degraded. 

The  oxygen  to  carbon  ratios  were  calculated  from  the  integrated  area  of  each  element 
scaled  by  the  Schofield  factors  (C;  1;  O:  2.85).  Treatment  for  30  seconds  increased  the  ratio  by 
20%  compared  to  untreated  PMMA.  But  then  over  9  more  minutes  of  treatment  did  not  lead  to 
further  incorporation  of  oxygen.  This  was  supported  by  the  C(ls)  lineshape,  which  also  did  not 
show  significant  change  with  increasing  treatment. 

3.1.2  Atomic  Force  Microscopy 

Masked  and  immasked  regions  of  PMMA  bombarded  by  an  oxygen  ion  beam  for  at  feast 
2  minutes  could  be  distinguished  by  eye.  The  masked  regions  had  slightly  better  surface 
reflectivity.  In  order  to  quantify  this  effect  we  attempted  to  image  the  samples  using  a  SEM,  but 
the  electron  beam  rapidly  induced  damage.  Nevertheless,  a  step  about  1  pm  was  visible  at  the 
boundary  between  masked  and  unmasked  regions  on  a  sample  bombarded  10  minutes.  This 
corresponds  to  a  100  nm/min  etch  rate. 


To  image  the  surface  morphology  nondestructively  an  AFM  was  used.  Figure  5 
compares  both  masked  and  unmasked  regions  of  a  sample  bombarded  10  minutes.  It  reveals  that 
etching  during  bombardment  left  the  surface  roughened.  Table  2  lists  the  root  mean  square  (rms) 
roughness  of  bombarded  samples. 

3.1.3  Contact  Angle 

Table  2  lists  the  contact  angles  for  PMMA  samples.  The  contact  angle  dropped  for 
treatment  up  to  2  minutes,  but  then  reversed.  The  measurements  were  performed  a  week  after 
treatment. 

3.1.4  Mechanical  Tests 

Scratch  tests  and  Brale  indentation  were  performed  on  coupons  95-3-59  and  95-3-52  to 
correlate  coating  adhesion  to  treatment  by  oxygen  ion  bombardment.  Table  3  indicates  that 
neither  mechanical  test  revealed  any  significant  difference  in  adhesion  between  the  two  coupons. 
3.2  Polycarbonate 
3.2.1  XPS 

XPS  spectra  of  PC  were  acquired  both  before  and  after  treatment  by  hydrogen  plasma. 

The  survey  spectra  revealed  only  carbon  and  oxygen.  Figure  6  overlays  C(ls)  and  0(ls)  spectra 
of  treated  and  untreated  (wet  cleaned  only)  PC.  The  plasma  treatment  was  identical  to  that  for 
coupons  94-8-7,  94-8-56,  and  94-8-91  (i.e.  6  minutes  of  exposure  to  hydrogen  RP  plasma). 

The  C(ls)  spectrum  of  untreated  PC  was  fit  to  the  aliphatic  bonded  Cl,  the  state  C2, 
corresponding  to  the  carboxyl  group,  and  a  composite  feature  corresponding  to  carbonate  and  a 
C(ls)  shake-up  satellite[15].  The  intensity  of  the  composite  feature  was  13%  of  Cl,  but  the 
relative  contribution  of  carbonate  and  the  satellite  to  the  overall  intensity  could  not  be  resolved. 
The  expected  ratio  of  C2  to  Cl  in  stoichiometric  PC  is  15:1,  whereas  17.6:1  was  recorded.  The 
0(ls)  spectrum  was  fit  by  two  components,  01  and  02,  corresponding  to  carbonyl  and  ester 
states,  respectively.  The  recorded  2:1  ratio  of  ester  to  carbonyl  states  is  characteristic  of 
carbonate. 

Plcisma  treatment  of  PC  caused  severe  changes  to  the  XPS  spectra.  The  carbonate 
signature  disappeared  (2:1  ratio  of  ester  to  carbonyl  states).  The  best  fit  showed  a  1:2  ratio 
instead.  This  effect  was  mirrored  in  the  C(ls)  line  where  there  was  a  large  loss  in  the  composite 
carbonate-satellite  feature.  Also  the  main  lineshape  was  transformed  into  a  broad  band  extending 


from  Cl  toward  the  carbonate-satellite  feature,  suggesting  the  presence  of  hydroxyl,  carbonyl, 
ester,  and  carboxyl  functionalities.  Finally,  the  ratio  of  oxygen  to  carbon  dropped  by  over  25% 
compared  to  untreated  PC. 

3.2.2  Contact  Angle 

Contact  angle  measurements  were  performed  on  PC,  before  and  after  treatment  with  the 
hydrogen  plasma.  Treatment  lowered  the  contact  angle  by  over  20°  (Table  4). 

4.  DISCUSSION 

Adhesion  can  be  approached  at  three  levels:  molecular  adhesion,  thermodynamic 
adhesion,  and  practical  or  experimental  adhesion  [16].  Molecular  adhesion  describes  the 
intermolecular  interactions  between  the  adherend  and  adherate.  In  general,  the  interactions  can 
be  ionic,  covalent,  van  der  Waals,  or  electrostatic.  Thermodynamic  adhesion  describes  the 
change  in  free  energy  when  a  unit  area  of  surface  is  disrupted.  Practical  adhesion  is  the 
experimentally  determined  force  per  unit  area,  commonly  known  as  ‘bond  strength’. 

Theoretical  studies  have  reported  on  the  expected  molecular  interactions  between  alumina 
and  organic  monomers,  such  as  methyl  methacrylate  [17,18].  They  found  covalent  interactions, 
based  on  Al-C  and  C-O-Al  type  bonding  geometries,  with  bond  strengths  over  21  eV.  These 
studies  suggest  that  molecular  adhesion  of  alumina  to  both  PC  and  PMMA  should  be  excellent. 
Furthermore,  strong  bonding  between  alumina  and  polymer  should  be  promoted  by  the 
deposition  process  itself,  which  includes  energetic  bombardment  by  ions. 

In  this  work  we  judged  the  practical  adhesion  of  a  coupon  to  be  either  ‘good’  or  ‘poor’ 
depending  on  whether  or  not  the  coating  flaked.  The  highly  adherent  coatings  on  untreated  PC 
observed  here  indicate  that  molecular  adhesion  was  good  to  this  substrate.  Similarly,  XPS 
spectra  of  the  interface  of  an  alumina  flake  removed  from  a  PMMA  substrate  support  the 
contention  that  molecular  adhesion  of  alumina  to  PMMA  was  also  good.  If  molecular  adhesion 
were  poor,  the  spectra  would  not  have  revealed  a  layer  of  PMMA  still  bound  to  the  flake.  The 
issue  to  address  is  why  practical  adhesion  was  poor  to  untreated  PMMA. 

Good  molecular  adhesion  is  essential  for  practical  adhesion,  but  it  is  not  sufficient. 

Factors  such  as  mechanical  interlocking,  electrostatics,  and  a  boimdary  layer  can  increase  or 
decrease  practical  adhesion.  In  particular,  residual  coating  stress  can  impose  significant  forces  at 
an  interface  that  may  exceed  the  cohesive  strength  of  a  boundary  layer  [19]. 


Stress  develops  in  vapor  deposited  coatings  from  extrinsic  and  intrinsic  sources  [20].  For 
example,  extrinsic  stress  is  present  when  deposition  and  measurement  oceur  at  different 
temperatures,  and  the  coefficient  of  thermal  expansion  (CTE)  of  substrate  and  coating  are 
mismatched.  The  extrinsic  strain  can  be  calculated  for  an  alumina  coating  deposited  on  PC.  The 
CTE  for  the  coating  has  not  been  measured,  but  the  CTE  for  alumina  ceramic  is  probably  valid 
(6-7  xlO’®  /°C)  [21].  The  CTE  for  PC  below  its  glass  transition  temperature  (Tg  =  150°C)  is  an 
order  of  magnitude  greater,  6.8xlO*V°C  [22].  Using  standard  formula  [20],  one  finds  that  if  the 
interface  were  stress-free  at  1 10°C,  a  0.4%  strain  would  be  present  at  ambient. 

Stress  also  develops  intrinsically  in  vapor  deposited  coatings  for  reasons  that  are  not 
completely  understood.  In  general,  the  level  of  stress  increases  with  coating  thickness.  In  this 
work  the  net  stress  in  coatings  on  PC  was  regulated  by  the  level  of  ion  bombardment  used  during 
deposition.  Without  ion  bombardment,  alumina  coatings  on  PC  formed  tensile  cracks. 
Experimentally,  ion  bombardment  was  inereased  until  tensile  eracks  were  prevented.  This  was 
presumably  the  point  where  intrinsic  and  extrinsic  stresses  just  canceled,  and  practical  adhesion 
was  optimal. 

Stress  at  the  interface  between  alumina  and  PMMA  could  not  be  similarly  managed 
beeause  the  glass  transition  temperature  of  PMMA  is  much  lower  (Tg  =105°C)  [23].  The 
deposition  process  followed  here  formed  the  interface  between  alumina  and  PMMA  while  the 
substrates  were  cold  (T<20°C).  But  before  completion  of  a  coating  1  pm  thick,  the  chamber 
temperature  approaehed  1 10°C.  This  temperature  is  too  low  to  significantly  change  the  CTE  of 
PC,  but  a  PMMA  coupon  would  be  transformed  into  a  gel-like  solid  with  a  quiekly  increasing 
CTE.  The  manufacturer  could  not  quote  the  CTE  of  PMMA  near  Tg,  so  the  strain  could  not  be 
calculated.  However,  these  considerations  do  suggest  that  interfacial  stress  plays  a  significant 
role  in  limiting  practical  adhesion  to  PMMA. 

The  next  issue  to  address  is  how  plasma  (or  ion  bombardment)  treatment  altered  practical 
adhesion  of  alumina  to  PC  and  PMMA.  Plasma  treatment  is  believed  to  affect  adhesion  to 
plastic  substrates  by  four  major  mechanisms  [6]:  removal  of  organic  contaminates  at  the  surface; 
sputtering  or  etching  of  substrate  material  to  remove  a  weak  boundary  layer  or  to  inerease  surfaee 
area;  cross-linking  (chain  scission)  to  increase  (decrease)  eohesive  strength  of  a  boundary  layer; 


and  surface  chemistry  modification  to  increase  or  decrease  chemical  interactions  at  the  interface 
(molecular  adhesion).  The  relative  importance  of  each  mechanism  depends  on  substrate 
chemistry,  gas  chemistry,  and  other  processing  conditions. 

The  reduction  in  practical  adhesion  observed  for  PC  treated  by  hydrogen  plasma  is 
probably  not  due  to  poor  molecular  adhesion.  Coupon  95-3-28  had  2  minutes  of  treatment 
without  flaking,  while  coupons  with  6  minutes  of  treatment  showed  flaking.  This  indicates  that 
at  least  several  minutes  of  treatment  were  necessary  to  affect  adhesion.  Yet  under  the  conditions 
used  for  RF  plasma  treatment,  chemical  changes  to  the  top  few  monolayers  of  surface  were 
probably  completed  quickly.  This  suggests  that  another  mechanism  was  more  important. 

XPS  spectra  offer  insight  into  chemical  changes  that  occur  several  nanometers  deep  (XPS 
probe  depth).  After  plasma  treatment  the  C(ls)  shake-up  satellite  and  carbonate  peak  (Fig.  5b) 
were  reduced  by  80%.  This  indicates  saturation  or  break-up  of  the  aromatic  rings  and  loss  of  the 
carbonate  functionality.  The  later  effect  is  further  substantiated  by  the  large  drop  in  the  02  state 
compared  to  01  state.  At  the  same  time  the  total  oxygen  content  at  the  surface  was  reduced  by 
25%.  These  changes  describe  hydrogenation,  deoxidation,  and  scission  of  the  polymer  within  a 
thin  boundary  layer  near  the  surface  [15].  This  boundary  layer  would  be  weakened  compared  to 
bulk  PC,  and  susceptible  to  cohesive  failure. 

The  discussion  above  proposes  that  practical  adhesion  to  PMMA  was  poor  because  of 
cohesive  failure  in  a  thin  boundary  layer  Nevertheless,  certain  conditions  of  oxygen  ion 
bombardment  were  found  to  prevent  flaking. 

One  factor  to  consider  is  surface  roughness.  Some  researchers  have  suggested  that 
roughness  can  improve  adhesion  by  a  mechanical  interlocking  mechanism  [16].  AFM 
measurements  clearly  showed  that  ion  bombardment  caused  profound  morphological  changes  to 
PMMA.  Surface  roughness  increased  from  0.4  nm  to  over  1 1  nm  after  10  minutes  of  treatment. 
This  increase  in  roughness  probably  led  to  the  rise  in  contact  angle.  At  the  same  time  upwards  of 
a  micron  of  material  was  etched.  Based  on  the  interlocking  mechanism  one  might  predict  that 
increasing  roughness  should  have  led  to  increased  adhesion.  However,  scratch  tests  showed  no 
difference  in  adhesion  between  coupons  95-3-59  and  95-3-52  (i.e.  2  minutes  versus  10  minutes 
of  bombardment),  even  though  roughness  increased  by  over  a  factor  of  four.  Furthermore,  the 
difference  in  roughness  between  samples  with  30  seconds  and  2  minutes  of  treatment  was  only 


1 .3  run,  yet  adhesion  was  still  poor  after  30  seconds.  Based  on  these  considerations,  increased 
surface  roughness  alone  is  probably  not  sufficient  to  account  for  the  differences  in  practical 
adhesion. 

Another  factor  to  consider  is  development  of  a  boundary  layer  with  increased  cohesive 
strength  and  a  higher  effective  glass  transition  temperature.  The  mechanism  of  formation  would 
be  implantation  of  oxygen  ions  into  the  substrate  that  cross-link  polymer  chains.  The  cold 
cathode  ion  source  used  in  this  work  could  drive  multiple  physical  processes  at  the  surface  due  to 
its  broad  energy  distribution.  Ions  with  energies  on  the  low  side  of  the  distribution  (<400  eV) 
would  effectively  etch  weakly  bound  material.  Ions  with  energies  on  the  high  side  of  the 
distribution  would  penetrate  deeper  to  effect  chemical  modifications,  such  as  cross-linking. 

We  hesitate  to  interpret  the  XPS  spectra  for  treated  PMMA  samples  because  the  surfaces 
may  have  been  altered  by  atmospheric  exposure  or  ageing  before  analysis.  Given  this  caveat,  the 
XPS  spectra  do  not  show  great  changes  for  treatment  beyond  30  seconds.  And  those  changes  are 
probably  influenced  by  the  drastic  increase  in  siuface  roughness.  This  suggests  that  by  30 
seconds  a  boundary  layer  at  least  as  deep  as  the  XPS  probe  depth  was  already  formed.  Based  on 
XPS  spectra  alone,  it  is  not  possible  to  determine  if  the  boundary  layer  has  improved  cohesive 
strength.  If  it  does,  the  dramatic  improvement  in  adhesion  after  2  minutes  of  bombardment,  but 
not  after  30  seconds,  may  be  explained  by  an  increase  in  thickness  of  the  boundary  layer  beyond 
the  XPS  probe  depth.  After  30  seconds  the  boundary  layer  may  have  been  still  too  shallow 
and/or  insufficiently  cross-linked  to  effect  good  practical  adhesion.  Measurements  are  needed  by 
an  instrument  with  greater  probe  depth  to  test  this  mechanism. 

The  importance  of  coating  stress  is  implied  by  comparing  coupons  95-3-59  and  95-4-16. 
The  two  coupons  were  treated  by  identical  oxygen  ion  bombardment,  yet  only  95-3-59  showed 
good  practical  adhesion.  The  difference  was  that  the  coating  on  95-4-16  was  twice  as  thick,  the 
major  effect  of  which  would  have  been  a  higher  level  of  residual  stress  applied  to  the  interface. 
The  extra  stress  apparently  exceeded  the  cohesive  strength  of  the  boundary  layer. 

5.  CONCLUSIONS 

We  used  ion  beam  assisted  physical  vapor  deposition  to  deposit  alumina  coatings  onto 
PC  and  PMMA  substrates.  The  coatings  on  PC  were  transparent,  strongly  adherent,  and  crack- 


free  up  to  8  pm  thick.  Treatment  of  PC  with  hydrogen  plasma  prior  to  deposition  led  to  coatings 
that  flaked.  XPS  analysis  of  treated  PC  indicated  severe  polymer  degredation.  This  suggests  that 
the  plasma  treatment  formed  a  weak  boundary  layer  that  blocked  adhesion. 

Coatings  on  untreated  PMMA  completely  failed  to  adhere.  XPS  analysis  of  a  coating 
flake  showed  that  a  thin  layer  of  PMMA  remained  adhered.  This  suggests  that  adhesion  failed 
because  of  cohesive  failure  in  a  near  surface  boundary  layer  within  the  PMMA.  Adhesion  was 
made  more  difficult  to  PMMA  because  during  deposition  the  chamber  temperature  exceeded  the 
glass  transition  temperature  of  PMMA.  This  could  cause  significant  interfacial  stress  to  develop 
between  the  polymer  and  coating  due  to  a  large  mismatch  in  thermal  expansion. 

In  situ  treatment  of  PMMA  with  oxygen  ion  beam  bombardment  prior  to  deposition  was 
found  to  prevent  flaking  of  coatings  up  to  4  pm  thick.  AFM  and  SEM  images  of  treated  PMMA 
surfaces  revealed  extensive  etching  and  roughening.  XPS  analysis  showed  oxygen  enrichment, 
and  the  formation  of  new  oxygen  fimctionalities  at  the  surface.  Roughening  could  improve 
adhesion  by  mechanical  interlocking  and  increasing  surface  area.  Another  possibility  is  that 
oxygen  bombardment  etched  weakly  bound  material,  and  cross-linked  the  remaining  polymer.  In 
this  way  a  boundary  layer  with  increased  toughness  and  cohesive  strength  could  have  been 
formed. 
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Table  1.  Identification  of  coupons  with  alumina  coating  in  this  study.  Coupons  are 
grouped  by  deposition  run. 


Substrate 

Material 

ID# 

Treatment 

Coating 

Thickness 

(pm) 

Coating  Appearance 

PC 

94-8-10 

none 

4.3 

adhered 

PC 

94-8-7 

6  min  H2  RF  plasma 

4.3 

flaking 

PC 

94-8-59 

none 

4.4 

adhered 

PC 

94-8-56 

6  min  H2  RF  plasma 

4.4 

flaking 

PC 

94-8-94 

none 

4.2 

adhered 

PC 

94-8-91 

6  min  H2  RF  plasma 

4.2 

flaking 

PC 

95-3-28 

none 

4.4 

adhered 

PC 

95-3-29 

2  min  H2  RF  plasma 

4.4 

adhered 

PMMA 

95-3-22 

none 

4.4 

flaking 

PMMA 

95-1-30 

none 

2.5 

flaking 

PMMA 

95-3-73 

none 

4.5 

flaking 

PMMA 

95-3-66 

30  sec  O2  ion  bombard 

4.5 

flaking 

PMMA 

95-3-59 

2  min  O2  ion  bombard 

4.5 

adhered 

PMMA 

95-3-52 

10  min  O2  ion  bombard 

4.5 

adhered 

PMMA 

95-4-8 

10  min  O2  ion  bombard 

2.8, 

adhered 

PMMA 

95-4-16 

12  min  O2  ion  bombard 

8.2 

flaking 

Table  2.  Experimental  measurements  of  surface  chemistry,  roughness, 

and  contact  angle  of  PMMA  samples  treated  by  oxygen  ion  bombardment. 


Duration 

AFM  Results 
rms  roughness  (nm) 

Contact  Angle 

XPS  Results 
0(ls)/C(ls) 

none 

0.4 

60 

0.35 

30  sec 

1.3 

36 

0.42 

2  min 

2.6 

22 

0.40 

10  min 

11.2 

48 

0.38 

Table  3.  Scratch  tests  and  Brale  indentation  measurements  of  alumina  coatings  on 


PMMA. 

Scratch  Test  Results 

Brale  Indentation  Results 

Coupon  # 

Tangent  Critical  Force  (N) 

Critical  Load  (Kg) 

95-3-59 

45 

4 

95-3-52 

43 

5 

Table  4.  Experimental  measurements  of  surface  chemistry  and  roughness  of 
polycarbonate. 


Treatment  Duration 


none 

Hydrogen  RE  6  min 
plasma 


XPS  Results  Contact  Angle 
0(ls)/C(ls) 

0.19  76 

0.15  51 


Figure  Captions: 

Figure  1 .  Schematic  of  ion  beam  assisted  physical  vapor  deposition  system. 

Figure  2.  High  resolution  XPS  spectra  of  C(ls)  and  0(ls)  states  acquired  from  PMMA. 
The  insert  identifies  the  fitted  peaks  with  the  chemical  states  in  the  polymer  structure. 

Figure  3.  High  resolution  XPS  spectra  of  C(ls)  and  0(1  s)  states  acquired  from  interface 
side  of  an  alumina  flake  removed  from  a  PMMA  substrate. 

Figure  4.  High  resolution  XPS  spectra  of  C(ls)  and  0(ls)  states  acquired  from  PMMA 
exposed  to  varying  duration  of  oxygen  ion  bombardment. 

Figure  5.  Atomic  Force  Microscope  images  of  PMMA  both  untreated,  and  exposed  to 
oxygen  ion  bombardment  for  10  minutes. 

Figure  6.  High  resolution  XPS  spectra  of  C(ls)  and  0(ls)  states  acquired  from 
polycarbonate  both  untreated  and  exposed  for  6  minutes  to  a  hydrogen  RF  plasma. 
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